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CHAPTER 1. A MARINE STEAM-TURBINE PLANT AS AN OBJECT OF TECHNICAL
DIAGNOSTICS i

[Text] . 1. Peculiarities of an Experimental Study of the Dynamics of a
Steam-Turbine Plant in Operation

The construction of mathematical models of the processes that occur in
objects being controlled is a first step in the study of a steam~turbine
plant (PTU). These models, unlike the models that are known, should be

suitable for stafistical analysis of functions of automated marine systems.

It should be noted that not one of the models that are appropriate for the
mission of such an analysis can encompass all the relatlonshlps and in-
teractions of the physical process being examined. It is assumed below
that the overall structure of the differential equation that reflects the
model is established from a theoretical analysis of the basic phenomena,.
and its quantitative charactéristics are determined from a comparison of
the solutions of the theoretical equatlons with the exper1menta1 data.

In the experimental study of the dynamic characteristics of -objects being
regulated, both the deterministic and statistical methods that are de-
scribed in the literature are used. The frequency method, the method of a
transient or impulse function and the methcd of analyzing the passage of
a random signal through a section being studied are the methods most
widely disseminated. A particilar ‘method can be chosen correctly only
where the object's overall characteristics and the conditions of its oper-
ation are considered. It is krown that every system or section operates
in the presence of disturbances,; which are divided into useful
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disturbances and into interference, which are random functions of time.
Therefore, the measured value of a parameter at an object's output also
contains, aside from systematic error, randcm deviations from the value
that is being determined by the given effect.

" The dispersion D of a parameter at the output of a dynamic system with the

transfer function W(jw), which is subjected to a random effect with the
spectral density S(w), is equal to

D=2 W (jo) S (@) do.

(1)

S 8

Expression 1 indicates that the dispersion that arises under the random
signal's effect is determined by the degree of coincidence of the fre-
quency spectrum of this signal with the frequencies of the characteristic
oscillations of the object's control loop, wh1ch form an effective pass
band.

The above-mentioned methods of analyzing the dynamic properties of objects
being regulated are not equivalent in precision of results, which are de-

" termined by the dispersion of the output signal. Thus, experimental

determination of the amplitudinal and phase-frequency characteristics is
desirable only in an area with rather strong damping; it is not very ap-
plicable where there is considerable random noise. Where the noise is
strong, it is most desirable of all that test disturbances in the.form of
an impulse function that has less spectral density than a jump function be
used. Figures 1-3 show the amplitude and phase characteristics of .a
closed system for regulating an intermediate steam superheater of the sta-
tionary unit of a steam generator--a turbine of 100 Mw capacity [48].
Each-of the characteristics has been plotted according to the data of
measurements made under operating conditions, and the extent of the dis-
tance of the curves from each other in the charts at various frequencies
characterizes the dispersion of the final result. In analyzing these data,
it is not difficult to establish that for inertial power plants, the meth-

-od of transient functions, under which there is minimal error in the area

of low frequencies, which are more important for objects of the type being
examined (figure 2),is preferred. The virtue of this method is the sim-
plicity of the experiment,with minimal dislocations of the 1nsta11?f.on s
operating regime.

Analysis of the passage of a periodic test signal by means of correlation-
al functions (figure 3) enables acceptable results, even at a higher noise
level. However, this method can be used only where the overall structure

of the dynamic system of the object being studied is known and there is

special apparatus for measuring, filtering and the statistical processing

of current information.

The boundaries of permissible simplification of the models are determined
by an evaluation of their precision. Therefore, the dispersions of the .
main parameters that were computed from a comparison with the experiment's
results are cited for all the models being examined in this chapter.
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Operatlions for the optimal approximation and establishment of the disper-
sions have been simplitied considerably by using the procedures set forth

below.

Figure 1. Dynam-
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The experimental data is processed with an assumption of the normal law of
distribution. As is known, this assumption leads to the conclusion that

the arithmetical average is the greatest approximation to the true magni-

tude of the value being measured and that the sum of the squares is mini-
mal when the deviations are taken from this average. An evaluation of the

with the coefficient of variation.

error that ensues from the assumption made is carried out in accordance

The precision of the mathematical models of the object's dynamics is de—
termined mainly from a comparison of the appropriate integral curves with
the experimental transient function. The method of transient functions in

3
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studying the dynamics of the elements of a power plant insta®lation during
a normal operational trip by the ship is the most acceptable one.

- : . : a0e
Figure 2. Amplitude f ] PN ) | l l AT
and Phase-Frequency oF Y| a2 | o5 | og | o5 [T | e
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\\\‘ h 6 ,//‘ v
‘ O LA Nogos
b Notation the same as UUEENN \\\\\ — ’/4/’ 27 %0
for figure 1. SO —1 1 4
~-Eﬁi-' |

In analyzing the processes that take place in a marine heat-and-power
plant, mathematical modeling is necessary in two basic areas.

= The- first embraces the processes that occur in various components of the

- plant and that characterize the technical and eccnomic effectiveness of
operation, and also the links with neighboring components and external
conditions. A desirable minimum of factors that influence operating in-
dicators considerably is established precisely on the basis of an analysis -
of models of the various units.

The second includes the mathematical characteristics of the operating con-
- ditions that are typical for a powerplant of a maritime carrying ship.
The basic operating regime of such a plant is considered to be an unchang-
ing power regime (close to the nominal value) for the main engine. Howev-"
er, observations indicate that a full-speed regime at sea is accompanied
by constant regular or random disturbances that arise as a result of the
- ship's motions, changes in the external loading of the main engine and in
environmental conditions, fluctuation in the expenditure of energy .on
auxiliary needs as a consequence of change in the number of customers and
their loads, and so on. Thus, the dynamic regime of the heat-and-power
plant installation as a whole that occurs under the influence of small but
essentlally continuous changes in internal and external operating condi-
tions is the steady-load regime for the main engine. This circumstance’
- influences appreciably the indices of the quality of operatlon of the
- ship's power-plant equlpment, since, on the one hand, it increases the
dispersion of the main parameters, and, on the other, it intensifies the
mutual effect of the plant's control circuits.

The method of analyzing the dynamics in accordance with the exerlmentally
established transiert functlon of the object being studied permits in most

4
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Figure 3. Dynamic Characteristics of a System for Regulatihg an Inter-
mediate Steam Superheater Obtained by Analyzing the Passage of a Random
Signal: .

a. Autocorrelational Ayy(T) and mutual-correlational Ayx(1) of the sig-

nal's function.

8. Gain and phase-frequency characteristics.

Notation is the same as for figure 1.
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cases an approximation of such a function by the solutions of a system of
linear differential equations with time-lag arguments. Graph-analysis -
methods of approximation are widely known. Based upon the characteristics
= of exponential functions, they presuppose determination of the location of
a point of discontinuity on the experimental curve, the construction of
tangents or asymptotes, visual or graphic determination of time lags, and
so on. The difficulties that arise in this case are connected both with
the condition of the power plant of the experiment (under operating condi-
tions it is not always possible to permit sufficiently large deviations of
a parameter for the purpose of establishing, for example, the location of
a point of discontinuity; data about the initial portion of a transient
response, which is subject to the largest errors, proves to be less authen-
tic), and with graph-plotting methods, under which subjective errors are
inevitable. Meanwhile the approximating data, as a rule, reflects only
H formally the essence of the phenomenon studied. Therefore, it is espe-
cially important to seek the magnitude of approximating values that
are equally acceptable for the whole area of the experiment. It is no
less important to be assured that the result obtained for the chosen
form of approximation is the most authentic, as well as to establish the
amount of the error permitted in carrying out the operations.

N

The method set forth below was developed by the author; use of this method
has made possible analytical computation of parameters of the approximat-
ing function that are optimal for the whole set of experimental data being
examined. .

The essence of the method consists in the use of transformations that lin-
earize the components of the solutions of the approximating equations. In
accordance with experimental data thathave been standardized in specially
chosen coordinates, it proves possible to apply in general form the method
of least squares and thereby to establish in unique (or optimal) form the
values of the inertial coefficients, the time lag, and the precision of
the approximation being conducted.

The choice of an approximating equation is determined by the type of ex-—
perimental transient function. If the speed of deviation of parameter y
at the acceleration section is reduced (or at least does not increase) and
the experimental data is of the form presented in figure 4, then the ap-

- proximating should be done by means of the equation

_ TW—2+yt—2=r@®), v (2)
0, where t < 0 '

- where A(t) = is the input effect.
a constant where t > 0

Under the initial conditions, the solution of equatlon (2) can be present-
ed in tue form

t
y:—"ﬁ+7v (3)

i
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where
y=—23lg (1 -4)
(4)
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The graph lines are “the integral curves of - ‘equation (1) where 'I‘1 = 4,25
seconds and z = 1.8 seconds. .

A. Deviation of parameter y.
B. Generalized parameter y,.
C. Time, seconds.

In coordmates (y,» t) the solution (3) is a straipght line with a slope
equal to the inverse value of the inertial coeff1c1em: Ty the intercept

on the abscissa axis is the time z of the time lag. If the first k's of
the experimental points (from 0 to k - 1) lie on the abscissa axis, then
the least root mean square error of the approximating curve relative to

- the entire aggregate of the experimental data that are assumed to be uni-
formly precise will be reached where the values 'l‘1 and z, which have been

computed according to these expressions, are

(n—Fk) [2".*'3—(2 t:)

i=k

T, = — - ' . .
' ‘(n—k) }:-: tiYer — 2 i igky.t (5)
ﬁfzwf 2'3ﬁy.i
—=2¢Tl= =k k ‘T,k . }
(n—#k) ng by — Z‘d 4 ‘gk Yat _ (6)

Where the time lag is negligible
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' (7)
2 Yiat
i=1

The experimental data can be presented in generalized coordlnates, if di-
mensionless time t is introduced:

= (8)
Figure § shows,in coordinates. (y,, 1), experimental data obtained during
tests of first-order objects that are different in inertness, which illus-
trate the convenience and clarity of the use of generalized coordinates
in which the integral curves of transient functions of any first-order
objects are reflected in one straight iine [22].

With approximation, the coefficients of self-regulation ac; and of the ‘ob-
ject's loading ay' (which expresses the ratio of the loading level at which
the experiment is being conducteéd to its base value) can be computed:

In this case equation (2} will have the form
T (¢t — 2+ agy(t —2) =y, (9)
and the first of equations (4) )

atﬂu lg(l a"“" ) ’ (10)

We use the method of app'reximation of the transient function of a single-
capacity object.that has been set forth also in the case where the dis-
turbing effect has the form of an arbitrary continuous, increasing func-

tion that takes the constant value i(t) = Ag= @ constant after a cer-

tain portion to of a monotonic increase (figure 6). If.this portion is
not great in comparison with the period of acceleration: and, where t > to,

there is sufficizsnt experimental data "(practically, if the portion 0 - t
does not exceed 10-15 percsnt of the.time constant Tl)’ the transient re-

sponse can be viewed as a single-capacity object, beginning from the moment

t = to under the initial conditions t = to = 0:

A=
@ %} (11)

yméw

In this case, instead of (4) or (10), we will have

Y

M
Yo

Yp=r231g ———

’
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The coefficient T, of the object's inertness will be determined in ac-

cordance with the (n - k) values of the function of the acceleration
characteristic (figure 6) where t > to, by means of (7).

If the experimental measurements are not of uniform precision and various
weights have been ascribed to the points, for example, weight Wy for

point 1 and weight ws for the point i (in this case the Wy of the measure-

ﬁents which on the average yield v; correspond to the value xi),'then

we will have for these weighted observations, respectively, instead of (5)

and (6) 3 ) ,
n n : n 3
- . P )

T= =t

n

==k i=

9
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The error of the approximation performed is evaluted by the root mean
square deviation of the experimental values of Y from the ordinate- of

equation (3), computed in accordance with the correlation

g-‘,l[ (”"—z‘__;_ls)z] . : (16)

n—1

Precision in determining the values of T, and z is characterized by the

root mean square deviations O and °, and they are established in
1
10 _ .
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accordance with the corresponding characteristics of the value Yai by the

method' usual for indirect measurements. 1In the given case, using (13),
we obtain the following expressions: :

n
‘(n—k—1 ¢
(n )zlr

! oT ]
0?1 = a”: U”=Tl0”. r n ry ,,‘ y (17)
: W ) wWitiyei — ), witi )y WiYei :
: 2 ’
g, = -——-7'1 UT'. } ‘ . (18)
For the case of absence of time lag, in accordance with (15) we get
lel)[f(
=
Uf‘ Tl  E— O'y‘. . (19)
21 WitiYet .
i=

Thus the method set forth enables determ1natlon, on the basis of the exper-—
imental data, of both the value of the mathematical expectations of the -
constants of the dynamic precesses and thelr scattering characterlstlcs at
the minimum root mean squace error.

Let us turn to the method of approx1mat10n set forth for the case of more
complicated dynamic systenms.

If the analyzed: portion of a control circuit can be represented as a ser-
ies connection of an elementary element of the first order and a more com-
plicated element, the transient function is approximated by the solu-
tion of a differential equation of the second order with a time lag. In
so doing, first the coefficients of the equation of the chosen element of
the first order are established as a result of a special experiment. For
example, for a steam generator (PG), first the inertness of 'a unit
volume~-the steam-and-water volume--is established in accordance with the
transient function that is obtained as a result of a disturbance in steam
consumption, and then the transient function that is obtained at the out-
put of the steam-and-water. volume during the dlsturbance on the part of
the firebox is approxlmated

- By means of a second-order equation with a time lag the transient func-
tions of an extremely large number of real objects can be approximated.
The transfer function.of an approximating equation in this case has the

form
. ) —32
- | Ky(9) = et

T=sTy) (1 —sT9)’ (20)

where T2 is the coefficiént of inertness of the second element.
11
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Where z = 0 the transient function ¢ (1) that corresponds tc (20) is de-
scribed by the equation

T . ) ‘ (21)

v_; a1 ' - (22)
- where 7
g=1(@,+1),
o=l - @) 1L | 4 (23)

The values of the second of the functions (23) can be determined for each
of the selected points (oi, Ti) in accordance with the experimental data,

after which equation (22) is solved relative to the function q (on a com-
puter, or graphically, using tables of exponential functions). As a re-
sult, a number of values q; = qi(vi) are obtained that correspond to the

coordinates of the experimental points of the transient function. The
first of the equations (23) in the plane [(t - q), t] is a straight .line,
which enabl:s the most authentic value of the average inertness coefficient
Tz to be de.:rmined: ' -

y R L

- ) 24)
‘ . “214(‘!1—4:“1 (24)

Where there is a time lag by virtue of linearity of the process in the
plane [(t - q), t], the constants T2 and z should be determined in accord-

ance with expressions (5) and (6), or (13) and (14), after inserting
therein .o

Y =T— G ' (25)

The error that is allowed in determining values for Tz and z is found

in accordance with (17) and (18).

x

Figure 7 compares the experimental data and the appfokimating equation (a

straight line) that is obtained when determining the coefficient T, of in-

- ertness of the steam generator firebox in accordance with (22)~(24). The
- 12
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data obtained in the experiments, which vary 'in magnitude and sign of the
disturbance, are denoted by different dots [22].

The correctncss of the chosen form -7
of the approximating function can 06 r
be characterized by a correlation
coefficient. For the data shown
in figure 7, this coefficient is . 03 b
0.912. i -
| -, £
Figure 7. Results of the Process- ~ . Yai
ing of Experimental Data for ’ A
Establishing the Coefficient of
Inertness in a Two-Capacity Object 02 / 3
(a marine steam generator with _ AT
mechanical firebox). . ot A
- Key: .
' A. Time, minutes. ' 0 2 7 7 3 5 Jt.m(u?)

. The General Case of Two Inertial Nondirectional Elements of the First .
order. - A system of equations (without taking time lag into account) in
" this case has the form

d
T, _&y% = auys + Gls + buds
y, (26)
dt

di
Ty =+ = any -+ Gy + bk,
where ail"lare the coeffiéie‘nts that determine iner;tness and self-correc—

tion; and bik is the.influence of the external disturbance.

Where the zero initial conditions are (t = 0): yl(O) = yz(o) = 0 and the

disturbances are f'dgvmsy'éf a unit function:

- . . . . ..{0 where t <0, and

a constant where t > 0

and the partial solutfbn V1w .of the system (26) expresses the value of
the parameter for the new regime that is established: '

by1a5p — brayy A ' '
43003 — AyaBy (27)

yleo =

The standardized experimental function should be determined as the ratio
Y11 OF Yyi¥g,:

13
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The general solution of system (26), for example, relative to the function
yl(t), under the stipulated initial conditions, has the form

Yy Wa—d e wm—d
Yo =1 Wy — Wy e+ Wy — e (28)
b11 .
where d = ¥—y——x and 0, and w, are the rcots of the performance equa-
1 1.m

tion and can be reduced by simple transformations to the form of equation
(22), in which the following should be inserted

( .___-'/‘_> P |
loo
- v= w,—d

9= (W —w)t. . (29)

?

One of the roots of the performance equa_fion that corresponds to system
(26), namely Wy is determined in accordance with the data of the special

experiment (as described above) or in accordance with the design and oper-
ating characteristics of the element being examined. The mathematical ex-

pectation of the value of the second root w, is established in accordance

with the aggregate of the experimental data that are obtained for the sys-—
tem as a whole that is being studied. Thus,

—-Where the time-lag section on the experimental curve of acceleration is
absent '

" n
Y ats
=1

;and (30)

n

% 1

- . . =l

W, = (wz - wl) =

—-Where the time-lag section is present

n # n
(n—F) lqum -YuYa

=k =k

Wy=Wy — W=

n A n 2 ’ - . .
(n—k)gkn—(‘gkh) | (31)
n 2 n r_l‘ ‘n
. t — Yt t,9;
_ASRRAE

z

n n n
Y -Vt
(n )z‘éx o ‘:;k ‘Eﬁq‘ (32)

The coefficients a5 and bik are established in accordance with the statis-

tical characteristics of the object being studied. As was explained above,
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the value Gy of a function that contains the unknown root wy is determined

in accordance with the corresponding value of the function Vi which is
computed on the basis of the experimental data.

The root mean square deviation for the aggregate of the experimental val—
ues of q; is determined in accordance with the expression

P N
Lh (@ —aq)?
O = TA—k=T "
. where - ‘ a=ut+2
after thch, in accordance with (17)
n
n—k—1) Y 4
=k

0,,. =

[(u—k)[gftﬁ—(zt)] . | (33;)

=k

Precision:in determining the value of T2 is evaluated by means of the alge-

braic dependence among the coefficients of the performance equation

of system (26), the expressions of which include the value T2 and its

roots w, and w, (for example, according to Vieta's theorem, based upon

correlation (17).

0ften proving to be of use is the introduction of dimensionless time in
accordance with the correlation

T=—uw{l,

The sequence of transformations and separate operations cited is made moré
precise, depending upon the concrete conditions of the task (as is done,
for example, in approximating the linear portion of the equation of the
steam superheater's dynamics that is carried out in section 3).

2. The Marine Steam Generator

A block d1agram of a steam-turbine 1nstallat10n for’ a hlgh—tonnage tanker
is shown in figure 8.

The characteristics of the PG's scheme are the presence of an intermedi-
ate .pas~steam preheater, in which the temperature of the steam prior to
entering the low-pressure turbine casing is brought up to the or1g1na1
temperature, and organization of the combustion process at fuel and air
ratios that are close to stoichiometric. High efficiency values for the
steam generator are provided also by the well-developed heat-recovery sur-
faces of the steam generator.

15
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The main turbine is joined to the propeller shaft by a semiplanetary gear

transmission that provides high efficiency with minimal reduction gear

size. In order to raise the efficiency of the plant's main cycle, five

regenerative steam bleedings from the turbine are called for. As a result,
- feedwater is preheated by steam that has been partially spent in the tur-
bine to a temperature that is 0.8-0.85 the temperature of the water in
the boiler. The bleeds are usually numbered according to the direction of
the condensate flow from the main condenser. Steam from the second bleed
is sent to the deaerator--an apparatus that combines the functions of a
mixing régenerative feedwater preheater and an extractor of the gases dis-
solved therein.

Figure 8. Diagram of

a Marine Steam-Turbine {}
Plant. ’
_ Key:
1. Main steam
superheater. J
- 2. Intermediate steam 0
superheater.
3. Turbine manipula-

tion valve.
4. Main condenser.
Condensation pump.
Groups of regenera-
tive low-pressure
preheaters.
Deaerators.
Feed pump.
Group of regenerative high-pressure preheaters.

Steam superheater cooler.

Air.
Fuel.

(92}

(2]

[o~ I I N |
P e O e .
.

A feature of the installationalsois the drive of the main feed pump and
the electric generator off the main turbine. In this case, it is essential
to improve the operating economy of the installation as a whole, since
self-contained drives for the units would consume considerably more
energy.

With regard to dynamics, regimes where there are intense changes in load-
ing (or manipulation) are much more complicated. Let us note that the
diagram of the installation is somewhat simplified for manipulations,
namely: -

--Steam bleeds from the main turbine are disengaged and all the feedwater
preheaters except for the deaerator (which in this case is fed by cooled
and reduced steam from the PG) are disengaged from operation;

—--The temperature of the feedwater at the feed pump intake and prior to
- entry into the PG is preserved unchanged and is equal to the

16
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temperature at the deaerator outlet; this thus stabilizes operation of the’
condensate-and-feed system; and

~-The feed pump and the generator are switched over to operation off self-
contained drives.

Mancuvering regimes make up an extremely small (2-5 percent) portion of
thc operating time of modern maritime carrying ships. The basic operating
regime of such a ship is movement at main-engine power, which is close to
nominal, Mathematical models of the plant's units should provide suffi-
cient precision within a narrow band of loading, in a region of the plant's
most characteristic operating regime that corresponds to full-speed.

In the overall diagram of the steam-turbine the steam generator proper oc-
cupies a special place, since changes of its operating regime lead to devi-
ations of the most important parameters of the plant--steam pressure and
temperature, water level in the PG drums, and chemical composition of the ex-
haust gases (which determines the economy of operation, the degree of smo—
kiness, the suitability for use in the inert-gases system on tankers, and
the explosion hazard).

The phenomena of heat exchange, motions of the two-phase medium, accumula-
tions of heat and matter, and so on interact in a steam generator. In
the general case these phenomena can be described by nonlinear equations
and equations in partial derivatives. Linearization of the equations that
characterize PG operation presents a certain simplification that is neces-
sary for subsequent analysis of the processes inside the beiler. A study
of the system of high-order linear equations that is obtained with such
linearization do not present difficulties on electronic models and, at
the same time, enable adequate matching with the experimental data to be
provided for.

The basic features of the method used in the present derivation are re-
duced to the following: ’

1. The PG's heater surfaces are viewed as separaté capacities. The heat
transfer from the gases to the walls and from the walls to the atmosphere
(steam or liquids) is determined by means of empirical formulas for turbu-
lent flow for average operating conditions.

2. The condition of the working medium is established in accordance with
tables for steam by linearization in the neighborhood of the point of the
regime.

3. The compressibility of the flow of air between the air-feed control
element and the firebox is taken into account. The inertness of the.air
channel turns out to be substantially greater than that of the control cir-
cuit and even of certain parts of the PG's steam and water volume.

4. The dynamics of the gas preheater for air and also, in particular exam—
ples of the analysis, the dynamics of the water economizer, are excluded
from the examination.
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A design scheme of a steam generator is shown in figure 9.

Figure 9. For the G
Derivation of Equations fE$
of the Dynamics of a
Steam Generator.
(1)
v
Key: m | (3)
1. Air channel. MmpgHM Tomma T,
2. Fuel channel. m¢£§g§g§é§g :
3. Firebox. . g mpaxm
4. Steam superheater. (2) -/
5. Water-heating
tubes. . )

. : | |Bodoeped- NOHG=

6. Economizer @) epedamens e mpgtna (5) 'matsep b

The Chrracteristics of Processes That Occur in the Firebox arnd the Air-
and-Gas Channel of a Steam Generator. The organization of fuel combustion
in the firebox has a definite effect upon PG operating economy and on the
successful solution of problems of protecting the environment from pollu-—
tion. The fuel is atomized in the nozzles into the smallest particles com-—
mensurate with the sizes of its molecules and is thoroughly mized with air. -
The atomization and mixing are accomplished in firebox installations and
are functions of the constructional characteristics thereof and upon the
parameters of the agent being mixed; this process is not regulated automat-
ically. Only the amount of fuel and air, which is determined by firebox-
installation characteristics and should be maintained with very high preci-
sion, is regulated. Firebox installations have now been created that exe-~
cute complete and smokefree fuel combustion where the fuel and air ratios
exceed the stoichiometric by about 2-3 percent. The sole indicator that
determines fuel-combustion quality unambiguously is the chemical. composi-
tion of the combustion products. However, existing instruments for gas
analysis are marked by substantial inertness and time lag, as a result of
which it is impossible to organize automatic regulation of the ratio be-
tween the amounts of fuel and air fed into the firebox in accordance with
gas-analysis data.* Therefore, all existing systems for fuel combustion,
both in marine and stationary power installations have -been built as open-
circuit systems, that is, as circuits without main feedback, in which input
signals for feeding fuel and air into the firebox are formulated without a
consideration of how the combustion process is actually occurring. Under
these circumstances, successful solution of the problem of optimal regula-
tion consists in stabilizing all input parameters: temperature (viscosity
of the fuel, air temperature, quality of fuel atomization in the nozzles,

*The Westinghouse firm (USA) recently arranged for the ‘industrial manufac-
ture of gas analyzers based on a zirconium ceramic with a measurer inert-—
ness of only 0.2 second and a total instrument inertness of about 2 sec-
onds [42]. Automatic regulation of fuel combustion in steam generators in
accordance with combustion products composition can be organized on the
basis of such instruments.

18
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- and so on, as well as in regulating the ratios of the amounts of fuel and
air that arrive in the firebox.

The necessary feedback (diagnostic) is accomplished by the operator, who
observes the progress of fuel combustion (in particular, in accordance

- with instruments for gas analysis) and, where necessary, corrects the
input variables.

From the dynamic point of view the channels for feeding air and fuel into
the firebox are characterized somewhat differently. The consumption of
fuel that is delivered to the nozzle changes as s result of movement of
the device that regulates fuel feed, with a speed of propagation of the
pressure wave in the fluid, that is, in relation to the speeds of other
processes that occur in the PG it 1is instantaneous. Large volumes for
air ducts and the air preheater (gas or steam) are placed between the air-
feed regulating device (which wusually is located on the suction side of
the blower) and the firebox. An inertness is created, as a consequence of
which the change in air feed at the firebox intake always lags behind
changes in fuel feed, if the signal for these changes are sent to both of
them simultaneously. But even a brief deficit of air can and does cause
impermissible smoke, so increased air consumption often has to be estab-
lished in order to compensate for a possible shortage thereof during the
manipulation to increase the loading.

A calculation for PG air-channel inertness was introduced for the first
time in the works of TsNIIMF [Central Scientific-Research Institute of
the Maritime Fleet] [22]. The procedure for studying the dynamics of the
ratio between the amounts of air and fuel fed into the firebox is given
there.

Combustion of the mazut that is atomized by the nozzles in the firebox
space occurs in hundredths of a second, so fuel combustion, in light of
the problems examined here, can be considered noninertial.

The amount of heat Q_ that is sensed by the PG's neating surfaces is de-
termined by the known expression

_ Qe = BOn.,
which in increments takes the form
© AQ ‘A
T =Vtot e (34)

The quality of the fuel combustion is determined by means of the last add
end on the right side of the expression obtained and is characterized by
coefficient of concentration of air a at which combustion occurs. The
an .

functional dependence n_k = n(x) is governed by the type of firebox installa-

: ' kO
tion, the grade of fuel, PG configuration characteristics, firebox tight-
ness, and so on. If the function Ank/nkO is computed for optimal
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efficiency values, it will be negative and its maximum value will be equal
to zero (figure 10). The experimental data are shown by the points on the
graph in figure 10 the continuous line is an approximation of the
equation

Ame 0,118y — 0,0807y
Nko
—0,008575%,

(35)

which is carried out where-0.8< x < 0.6 with the error o, = 0.00685.

Figure 10. Relative Change of KPD

[Efficiency] in a Steam Generator ‘ l ,,og | I
Ank/nko as a Function of the Devi- Li-08|-0s | lo | as | o8 %‘i
ation in Air Concentration I T~
X = aAa . from the Optimum. / —o‘,oe
] opt / |
) . 1—1 ~go8
The left branch of the curve corre- An
sponds to a reduction in coefficient i
of the concentration of air below

the optimal value and it descends more steeply than the right branch, since,
where the deviations are equal in absolute value, a reduction in air con-
centration is accompanied by the appearance of incomplete chemical combus-
tion of the fuel.

The formula for cOmputlng the coefficient of air concentration is

== G'
L@ '
= where L, = the amount of air theoretically necessary for realization of a
unit of the heat of combustion and is written in increments thusly
T e !
Gopt =A=v—P—p, ) ‘ : (36)

Consolidating expressions (34) and (36) and giving consideration to the
An
fact that TE = fn(x), one can write

ko : . '
= bt o+ —py— 9. ‘ (37)

Equation (37) expresses change in heat sensing of the PG in established
and in transient regimes. The last addend on the right side (37) considers
the effect of the changed efficiency on the dynam1cs of the processes that
are determined by the energy balance.

As will be shown below, in many cases calcuTatlons of changes in eff1c1ency
that alr—concentratlon deviations cause in the dynamics of such parameters

- 20
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as, for cxample, steam pressure, prove to be insignilicanl and can be disre-
garded. Of much greater importance is the fact that expression (36), along
with function (35), enables the coefficient of air concentration to be
viewed as a regulatable parameter that is introduced into the system of
equations of an automated PG through correlation (37). This enables analy-
. sis and synthesis of schemes for regulating fuel combustion from the point
. of view of establishing conditions for minimal deviations in air concentra-
tion--conditions that are most important for modern steam generators that
operate with minimal air-concentration coefficients (a = 1.02-1.05).

Among the arguments of the function fn(x), deviation in fuel feed can, by
virtue of the incompressibility of mazut, be considered an algebraic func-
tion of pressure of the fuel before it enters the nozzles, and change in
fuel-combustion heat can be considered an external disturbance (aboard ship
this is insignificant, for the grade of fuel can be changed appreciably
only when bunkering). Change in the air inflow, which is shown in formulas
(36) and (37) by the function v, appears to be the most important influence
on completeness of combustion of a prepared fuel.

) Observations indicate that the air channel of a PG can be viewed as a con—
centrated volume, and change of air feed into the firebox 's described Ly
an equation of the form

) 1
T +V=Pv+Tyal (38)

in which the function u expresses the effect of moving the air-regulating
device, and the function Yg is the effect of change in the productivity of
the blower itself.

The coefficient Ty of inertness of the PG's air tract depends upon the ra-
tio of the volume of the air line and the precombustion space to the blow-
er's productivity.

The results of three tests for determining Ty for a steam generator of the
turbine ship "Trud" are shown in figure 11.

- Figure 11. Relative I r
Change v/u_in Pressure — |
- at the Fuel-air Ratio ! »/"'"‘;/
Regulator Output as
the Result of a Single
Disturbance in Deliv-
ery of Air into the
Steam-Generator Fire-
box (for Determining
the Air Channel's Co-
efficient of Inertness),

g
-]

v
=
124

|

5
9

Key:

1. Deviation of the
parameter..

2. Time, seconds.

1
Omunonenue napamempa
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<
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- In accordance with what was said above, these results should be viewed

= as the solution of a system of differential equations that is made up of
the equation (38) where y_ = 0 and of equations of the dynamics of the
pneumatic regulator of the fuel-air ratio: i

} T;:,z'%- ey (39)
with the initial conditions
where t = 0
v(0) = ¢(0) = 0;
0 where t < 0, (40)
Hy T {g constant where t > 0.

z The following have been designated here: ¢ is the relative change of out-
put of the fuel-air ratio regulator; and T is the coefficient of this
- regulator's inertness. P

The value of Tp has been adopted as 0.8 second, in accordance with the
data for the previously cited bench tests. '
The characteristics shown in table 1 have been established from a compari-

son of the solution of system (39) with experimental data based upon for-
mulas (22)-(24).

Table 1

Characteristics of Inertness of the Air Channel of
- the Steam Generators of the Turbine Ship "Trud"

Series of tests

Parameters (for notation see figure 11)
- ’ 0o - x : A
Single disturbance Hyresmeennereoneenanens +0.07 +0.12 -0.098
Coefficient of inertness of air channel
_ TT’ SECONAS .t eeeesessosnansns teecesrrenvas 3.261 3.168 3.574
Average value of TT’ secondS.eecescaranaas - 3.33 -

- Root mean square deviation o, of the en-

tire aggregate of points (see figure 11) ) :
from the average where TT = 3.33, seconds - 0.039 -

Range R of the value TT’ secoNdS.eeereavies - 0.406 =

By means of Student's tables of distribution and tables of selected ranges,
the boundaries of the confidence interval for values of TT have been
established
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(4
=15 =
Ltn—l, p Vn

In accordance with Student's tables for proBability, p=0.95and n =
c

3tn—1, p = 4,303.

In order to determine the average square deviation o the theorem of se-
lected ranges is used; according to the tables for these ranges, it has
been determined that where n = 3, d = 0.1693. Then

Next, we make an evaluation of the boundarles of the confidence interval:
+4.303 0.24/1.73 = +0.55 seconds.

Finally . ‘ Tp=Ty=0,55=3,33 = 0,55 c. )
(41)

The second term Yp in the right side of equation (38) expresses the effect

of change of productivity of the PG's blower, and it is found by solving a
differential equation of the form

Tipst+ =4, (42)
where TB is the coefficient of inertness of the electric—drive blower; and

AB is a function that expresses the disturbance at the blower intake.

The characteristics of random disturbances that are included in the func-—

tions AB and ¥g and are caused by factors that do not yield to calculation

(for example, by change of frequency of the current in the ship's power
- grid) are examined in Chapter III. It is convenient to define the blow-
er's inertness by the results of research of the dynamics of change in the
head at the blower's delivery that is caused by switching the speed of
its asynchronous electric drive.

The results of tests of the blower installed on 'Varshava" and "Sofiya"
type tankers are cited in table 2; part of them are illustrated by the
= data of figure 12. We determine by formula (7), in accordance with the
discrete values of the ordinates of curves 2 and 4 that are taken at
1-second intervals directly from oscillograms of transient processes, that
- the most probable value of the time constant in equation (42) for an
EKV-2 ventilator is T = 4.4 seconds.

The Steam Generator's Steam and Water Volume. The movement of the
steam-and-water mix in steam generators with ratural circulation is caused
by the difference in density of the water in the downcomer bundle of tubes
and the density of the steam—and-water mix in the riser tubes. The motive
forces are equalized by pressure losses.
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Pressure losses in the downcomer bundle have been studied well; they usual-
ly are presented as a function of the mass velocity of the flow and con-

" sist of losses to friction, local drags, and acceleration of the flow, and
to hydrostatic losses. rable 2

Results of Bench Tests of the EKV-2 Electric~Drive Blower

. Shutter position
. Operatin P
Indicators Ee s & in degrees, m.k.B.
gimes
. : - 0 60 90
= Pressure, Pascals 1st speed.veverrerscnnene .00 (1,720 1,720 1,720
- 2d speediceeciernivnnnneannns .13,250 3,000 2,800
3d Spe_ed............ ...... ‘ee '.7.000 4,700 4,500
: Total duration of the |Switchings: » '
: transient process from 1st to 2d speed...... 4 4 4
during switchings, from 2d to 3d speed........ 7 10 7
seconds from 3d to 2d speed....... 5 10 9
from 2d to 1st speed...... 12 10 9
Relative change i, of | Switchings:
ressure durin ° from 1st to 2d speed, or} o 516 .174 0.153
prossut g from 2d to 1st speed ' " ) :
switching of speed from 2d to 3d speed, or '
- ’
(Hnom = 7,750 Pascals)| - from 3d to 2d speed } 0.542 0.243 0.18

A two-phase mix of steam and water flows in the riser tubes, a fact which
substantially complicates formulation of equations of the balance of pres-
sures. Thus, the friction coefficient becomes a function of the steam-

. and-water ratio, and losses to acceleration rise sharply with increase in
volume.

A design diagram of the steam-and-water volume of a PG is shown 1n
Figure 13.

_ Useful pressure is defined as the difference between the motivetpressure
and the hydraulic resistance of the loop.

Returning to the diagram in Figure 13 and examining the dbwncomeb and
riser bundles of the loop separately, one can ‘write for the downcomer
tubes: . )

Py = Ppy = ZAP. - and E - (43)

. where the full value of the hydraulic resistances of the pipe bundle has
been written on the right side .

Z Ap= Ap‘tp + 2 Ap,+
+ Ayert D
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Figure 12. Oscilldgrams

of the Process of Rela- /}_.._.q\

) tive Change of Head of X \\
the EKV-2 Blower During 0.2 x
Switchings “of Its Elec- ’ “\

tric Drive

1. From 1st to 2d speed
2. From 2d to 3d speed
3. From 2d to 1st speed
4. From 3d to 2d speed

S
=

uImMenenue ~anopa
~-
\ !
o
EN //
x
N
-+

The position of the air-
regulating shutter is 60
degrees. The points are
approximations of curves
2 and 4 with solutions
of equation (42), where
_ Ay = 0.248 and T, = 4.4

seconds.

= Omuocumensroe
=
/
/ [
ret]
P

4 2 4 6 8 0 0 2 & 6 &8 10tc@®

A. Relative change of head. B. Time, seconds.

Figure 13. Diagram of a Design of

‘ »
the Steam-and-Water Volume of a Sudy __ Hacsusenrord

mp - (q)
Steam Generator.

Key: ‘ 5

1. Saturated steam. @ _= Gz bz

2. Steam cooler.
3. Feedwater.
4. Heat.

flurnamensyan 0{_5:2 )

Here A are losses of pressure

Gwilua

to friction; EApM is the sum of

the losses to local resistances;

pyck arc losses to flow accele-

ration; and Preok is the fluid's

potential energy.

The design was made in accordance with the mass velocity: w = Gm/fo'f

- Losses to friction for movement of a homogeneous medium (water or steam)
are determined according to the formula

G2, . » (44)

Aprp = cr. oL-rpyo Eﬂ'—' ’
: lonfw
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is the adjusted coefficient of friction [15]:

where St o
) _t _ ! -1 .
beo =4 = T igaamE M : (45)

~ The absolute roughness of steel pipes is usually taken as k = 0.08 mm.

Losses to local drags for a homogeneous moving medium are determined ac-
cording to the well-known formula

Z Apu 2,2 Z CD (46)

- where Zci is the sum of the coefficients of local drags.

onPwl

For the downcomer bundle
Apreon = - gpwl”o:

where Hy is the average height of the downcomer bundle.

Losses to acceleration of flow

" H, dGy :
Apycx fo * d:' . . . (47)

Thus, instead of (43), one can write

) PDl 2i’npm(l+zc°‘+c” rp)

{=1
gple + fo dGm . )
(48)

In the case of the riser bundle the terms of the rlght side (43) turn out

to be functions of a number of additional factors: local. pressure losses

at the input from the lower drum into the riser bundle are determined by

water consumption G wl while other losses, which depend upon velocity, are
’

determined by the consumption Gy of the steam-and-water mix. For the ris-

er bundle, the pressure between the lower and‘upper drums is réptesented
by the following equation

o & G? S
Por—Poy= q">—27,—‘—+T(1+¢” ,,,+21c.,,)
i==

H, L
4 2p, + (49)

The coefficient .of friction where a steam-and-water mix is moving,isbde—
termined from the correlation [17] :
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. " — e
: ba= vt o [ 143 (B~ 1], (s0)
) where x is the average mass steam content of the flow (the degree of
dryness):
...= “_‘1
x F (51)
o' and p" are the separate densities of the water and steam for a given
pressure and temperature of saturation.

"The coefficients of local resistances Tm for the steam-and-water mix can

be computed in accordance with the appropriate coefficients %oi for water
in the following form

tu =L [ 143 (& (52)

We move over to a determination of the density of the steam-and-water mix
in the riser bundle.

It follows from assumptions about the constancy of the thermal loading
along the riser bundle that the degree of steam content x of the mix is
changed linearly. However, the steam's speed is higher than the water's
speed, as a result of which the number of steambubbles that characterizes
the ratio of € = the steam volume/mix volume is changed nonlinearly.

Rising speed is proportional to the proportion of steam in the mix and in-
versely proportional to its mass; for the steam this is determined by the
ratio x/ep", and for water by
1—x
(t—egp" * (53)
- If the coficept of steam slip-past Sk = steam speed/water speed > 1 is in-

troduced, then the preceding expressions are joined in the following form:

, l—x
= Ser=a (54)

Thus, an excess of steam speed over water speed characterizes slip-past
Sk. The following dependence of slip-past on the volumetric dryness of

the mix, the density of its components and relative speed has been estab-
lished empirically [44]: )

: ' o l—sg c ]/ P —pp
- S*—llco—a(l—}_-a,— pFrz )'v (55)

G2
where Fr2 = —2 _  is the square of the Froude number; and C and C

go' A D 0

_ are constants.
= ) ’ 27
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The density of the steam-and-water mass
p=p —e(p’—p") 4 - (56)
- The average density in the riser bundle is determined by integration ac-
cording to the length of the path of the mix:

Ly

1 , ¢ o
b= [ pdt=p — =5+
. 3 _

- (' —p)b (Co—b)xy+- &
%0 (Co— b)? In [ b ]

. (57)
gV T

On the other hand, change of the density of the steam-and-water mix in the
riser bundle by the volume V;; is characterized by the correlation

dp* _ Gup —Gpy . 3)
=y o (59)
Change in water level and steam pressure in the upper drum is governed by
the amount of heat Qriser that has been absorbed by the riser bundle of

the PG's pipes.* This heat takes shape from the f‘ollowmg components:
the radiant heat Q,‘ in the firebox space

Quem b [ (L) — (BkTN] | (60)

(the proportional difference of the fourth power of the equivalent tempera-

ture of radiation 64 and vthe temperature eM of the metal of the tubes of

the riser bundle) and the heat Qk of convective heat transfer.

As is known, the heat that is transferred to the two-phase flow is approxi=-
mately proportional to the third power of the difference in temperature be-
tween the metal of the wall and the flow:

Q= k(0. — 6% . (61)
it equals the heat returned by the flue gases that flow over the bundle
Qx=le° (9:0—9..) ‘ (62)
The mass balance of the water in the PG's drum _
o . /
.G_D(l_xo)+0m+Dnou"'Gufl=—Z;_£' ‘ (63)

The heat balance of the water in the drum: '
L= , d
Go(1 — o} iy + Qox + Gunlua + Dyouiyon = Gurfun = o W i) (64)

*As is known, the downcomers in modern ship PG's are not warmed.
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where Qox = Doy line — (fyac — Ai)] is the heat returned to the water by
the steam cooler.

The level of water in the steam-generator drum and the steam volume are
functions of the weight of the water in the drum:

We— W,
He= _6C6 ®,

where C¢ is a coefficient that is determined by the drum's geometry:

W
Vn‘5=VG—'p—,6, . (65)
s _ Cor dWs (66)
dt  ~ Ceq dt °

The mass balance of the steam volume

d
- ~ Gox — Dyoy — Dpy = 5 (V. eP1) _ (67)
The heat balance of the lower drum

Gml(iml—iw)=vn-5—§%" : (68)

The feedwater temperature is determined by the equation of heat transfer
in the economizer.

Experimental Study of the Dynamics of the Steam Pressure in a Steam
Generator. Experimental data and numerous theoretical studies testify
that changes in steam pressure caused by a disturbance in the energy bal-
ance of the PG's steam-and-water volume can be described with adequate
precision by a differential equation of the first order:

d A ‘ '

- in which T_ is the coefficient of inertness of the PG for the steam
pressure. )

The first term on the right side is determined by equation.(37), and the
second expresses change in steam consumption.

The coefficient Ta is determined by the ratio of the heat that has been

accumulated by the steam-and-water volume and the metal of the evapor-
ator surfaces to the flow of heat per second at the PG output.

In the transient process, a deviation of steam pressure from the estab-
. lished value causes an additional change in steam consumption, which co-
- incides in sign with the pressure deviation. This self-regulation can be
 established from the formula for polytropic outflow :

' | - T mE
* o/ VEV (207~

(70)
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where ¢ is the outflow coefficient, m is the indicator of polytropy of the
flow, and Yo is the initial specific volume of the steam.

Taking into consideration the fact that povg is a constant, we obtain the

expression for the increment in steam consumption:

_[ép ap ap Iz k3
AD=[—3T Ac+?,—Ar+———a(_,,l_) A(p—:)+®*(Q)]+a,1 b
Po

Here ¢ (D) is the sum of the members of the Taylor series obtained from
(70), in which the increment of the argument enters into powers higher
than the first. ‘

We designate the sum of the members of the last expression that was en-
closed in brackets as ADO; this sum is determined by the valve character-

istics and it expresses changes in steam.consumption that result from mov-
ing the valve when the steam pressure is unchanged.

3D
The term EE-Apl governs the self-regulation referred to above. It can be
1

established from (70)

1 D _ m+1 Ap .
Dy 9« 2m pio ’ (72)

which enables (71) to be written in the form

- m+1 Ap
. , | AD =D, —f-}Dlo 2 Ty
The coefficient of self-regulation a, can be expressed as:

AV m41 A (73)

For dry saturated steam m = 1.135, since a, = 0.94.%

Let us compare the result obtained with the experimental data.

Figure 14 presents data about steam-pressure changes in the ship's steam
generator that arise as a result of various disturbances. Let us reduce
these data to dimensionless coordinates :

D — D P —n.
A= 1 P 10
A Dyo ¢ P

*Taking into consideration the assumptions that were made when deriving
correlation (73), this latter should be viewed as an evaluation of the
self-regulation coefficient in the equation of the PG's dynamics with re-~
gard to steam pressure.
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the ratio of which determines the value of the coefficient a_.

Figure 14. Change of Pressure pr krefen? (A) Iﬂr}./.,
and Deviations in Steam Con- T 8500
sumption as a Result of Vari- ! LT
ous Disturbances When There Is i 8000
No Change in Degree of Opening N %
of the Check Valve (according & 2500
to steam-generator bench-test 20 N L
data). - 7000
\l }i}( L e 1
Key: 18 % - 5500
1. Change in steam pressure. N
2. Change in steam consump- 1 %‘l’j(\ %
tion. N ::“"l\ 6000
3. Disturbance in fuel feed. 1% X S S -
4. Disturbance in steam con- = C 5500
sumption. 12 X R
5. Disturbance in feedwater L Ty 3000
feed. 10 2 :
. &4 4500
A. Kg-force/cm?. # :‘_‘:'_;
B. Kg/hr. v 0203
C. Time, seconds. AL °,§°A‘§ 4000
T . R
*“ﬁ- etk 3500

0 60 120 180 240 o0 350 420 &%)

The function AX = Mtbl), which was constructed according to the data of

figure 14, iz shown in figure 15 and can be expressed by the linear

- equation
AL = a g, (74)
Figure 15. The Relation Between Dimension-
less Changes in Steam Pressure and Consump-
tion, Which Determines the Coefficient a, 0% "
in Formula (73). Plotted in accordance L
with the data of Figure 14; the notation is ?"‘Q”'J .
the same. Sl o Ao
192
- Key : 'é ‘:ﬂzmwuuuenm
A. Coefficient of correlation r = 0.981. of 0
! r=0981 (A)
The value of a_, which is determined by ap- 0 g 02 03 ‘l"p %50
= PaPo
proximation in accordance with the method L

of least squares for the whole aggregate of
values of AX and %, that were presented in

{'igure 15, proved to be equal to
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n=>51

' :zu P by 1,441
a.= = Bl = '—-1:452 = 0,9924.
X 1

The straight line that corresponds to the value a that is obtained, is
shown in figure 15 by a continuous line.

The experimental value of the self-regulation coefficient a, that was ob-

tained corresponds well with the value calculated in accordance with for-
mula (73). The full change Ap of steam consumption in the transient pro-

cess is expressed by the formula
7"D (t) = 7" (t) + a.P1, . (75‘)
in which Ao(t) is a function that characterizes changes in steam consump-

tion that are caused by movement of the steam-regulating valve with
unchanged pressure of the steam in the steam generator.

Taking into account (37) and (75), equation (69) of the dynamics of steam
pressure takes the form

To®i+aepr=—holt) +b+p, + olv—10— po) (76)

In accordance with the recommendations set forth in the preceding section
of the book, generalized coordinates for the transient process were used
in determining the statistical characteristics (mathematical expectation,
dispersion, and confidence interval) and the values of the coefficient of
inertness in accordance with the data of several experiments, which are
distinguished by the value and sign of the disturbance.

Figure 16 shows experimental data obtained under operating conditions about
steam-pressure deviations in KVG-34 steam generators. The changes that

are related to the various realizations are designated by various symbols
in the figure.

In connection with equation (76), during the processing of these data, dimen-
sionless time 1 and the generalized deviation ¢ o of the parameters
were introduced in accordance with the correlations:

1=_aL

Ta

D106 = —_lg(l +‘f%)

(for disturbance with respect tg steam); and
Pros = — 218 (14 -0

(for a disturbance with respect to fuel).
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Figure 16. Transient

“Functions for Steam

Pressure for KVG-34 0,5
Steam Generators Dur-

ing Disturbance in

Fuel Consumption Ap

(light-colored

points) and in the

)
_S‘

Firebox (black
points), Which Are

Presented in General-

ized Coordinates.

The straight line is
an approximation

Qyunyus y
(=1
N
;S_'.i-

‘A.
Nede

—
—
=

Y

where the value of
the coefficient of 4

inertness Ta = 239.5

seconds. o 20 40 60

Key:
1. Function. 2. Time, seconds.

80

100

The functions op

ducting the experiment.

and fn are equal to zero under the conditions for con—

Values for the coefficient T, in (76) and also for the root mean square

. error o were determined by means of expressions (7) and (16) for each of

the realizations, which contain current time values and the corresponding
ordinates of the transient function for 13 pairs. Then the error O

was ‘'determined for each of the realizations in accordance with (17).

The mathematical expectation for the value of T, and the scattering char-

acteristics were established in accordance with the generally accepted

rules. The results of this processing are shown in table 3.

_ A Dynamic Model of a Steam Superheater. It is known that Soviet and for-
eign scientists have conducted much research of the dynamics of boilers

this research is based upon an analysis of experimental data.

for steam superheaters [18, 20, 26, 40 and 44]. A substantial part of

Existing mathematical models of steam superheaters can be divided into two

groups:

—-Models with extended parameters that consider temperatures changes of
the tube wall and the steam parameters in the axial direction; because of
this, differential equations in partial derivatives enter into the system
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of equations for the dynamics of the steam temperature at the output of
steam superheaters; and

—-Models with concentrated parameters that were constructed on the basis
of simplifying assumptions that the steam's thermodynamic properties are
unchanged throughout the whole volume of the steam superheater.

Table 3

Results of Determination of Inertness of a KVG-34 Steam Generator
According to Steam Pressure )

Indicators Samples (see figure 16)
- 0 [ A A
- Coefficients of inertness Ta’
SECONAS . tesvtevossaassosnsessanans 224 236 . 245 - 253

Root mean square deviation L 2.9.10"% 2.8.10-* 1.29.10~2 2.7-10-?

Root mean square deviation O for _
T, for the samples, seconds.... 17.5 18.7 . 9.5 21.2

Average value of the coefficient :
of inertness Ta’ seconds...... 239.5

Root mean square error oF for the - .%
average value of Ta.’ seconds..... 7= ["4‘ ; (T—T,,)!} =86
Root mean square deviation

=m- ) Op=2]*

G‘T’ SECONAS.oveversavesnseonns T 4G,

*Here C, = 0.7979 is the table value of the ratio o/c'  for the amount of

the sample of the four elements.

A comparison of the results of the calculations made with these models
with full-scale measurements data inevitably displays certain discrepan-
cies, the causes for which still remain unclear. Moreover, it was estab-
lished by [26] and [44] that in the case of transient regimes, models with
concentrated parameters give a completely acceptable approximation for
changes in steam temperature that are caused by disturbances in steam con-
sumption, heat loading, or the injection of cooling water, while, in the
case of disturbances in change in steam temperature at the input into
the steam superheater, these models led to erroneous results and it proves
necessary to use models with distributed parameters. ’

Because of the fact that, for modern marine steam superheaters with auto-
matic thermal-combustion regulation, the temperature of the saturated

- steam deviates by no more than 3-4 degrees C, even with deep changes in
loading; this work does not examine disturbances in steam temperature at
the input into the steam superheater. This makes it possible to present a
dynamic model of a steam superheater as a model of a concentrated volume

34 .
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with a time delay; the model's parameters are made more precise by a com-
parison with the static and dynamic characteristics established during
full-scale studies.

The form of equations that describe a steam superheater's dynamics should,
in accordance with the conditions described above, be adapted to a maximum
extent to introduce various data of experimental observations into the
coefficients of these equations. Meeting these conditions is a mathemati-
cal model whose construction is based upon the following basic assumptions:

The coefficient of heat emission from the wall of the steam superheater’'s
tubes is, in accordance with a known empirical correlation [15], propor-
tional to steam consumption to the 0.8-th power;

The coefficient of heat emission from the gases to the walls of the steam
superheater is determined by the amount of the gases (or fuel consumption)
to the 0.6-th power; and

The temperatures are taken as the average value of the input and output
temperatures.

The equation of mass balance of a flow of steam through a steam superheat-
er in increments has the form (see figure 9):

d
— =AD, — AD;. (17)

ne
The equation of thermal balance for that same flow is
‘d":—(vne‘Yneina) == Dyby = Dpebne + Q:‘r

The steam pressure in automated steam superheaters is changed slightly,
which permits the enthalpy of the superheated steam to be viewed as a
function of one parameter-—the temperature of superheating: ine =
ine(ene)' Taking this simplification into account and moving over to in-
crements of the functions in the latter equation, we get

., d Dine db,
_Vm‘m% + VaeTne 39:: %‘ =

= iy AD = ige,AD & AQST — Dpe, —21e_pg,,,
. 365,

which, taking (77) into account, yields

di de, \ 9i
Vne?nep 69:: d;'e -4 D""T(;:Le ABpy = AQ,C,T —

— (ine, — ing) AD. (78)

In these transformations of the equation of thermal balance the assumption
is made

AD, = AD,,
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which is tantamount to a disregard of the heat that is accumulated in that

amount of steam by which the steam content of the steam superheater was
changed during the€ period of the transient response. Calculations indicate

that the error here.is in tenths of a percent.

The amount of heat that is transmittied from the tube's wall to the steam,
with regard to both statics and dynamics, can be computed according to the

_ empirical function )
Qgr= K:eDg'es (e:':l: - ene )v
which in increments has the form

gl SK,,,

(eneu ene,) ADye +

ne.

+ K&eDY2 ABSE — K2DLS Al -

Here K" is the coefficient of heat emission that is computed aécording to

test du%a or statics computations data.

After setting the expression for AQ(,:‘T that was obtained for equation‘ (79)

into (78), we proceed to the first equation of the steam superheater's

dynamics:

Victne, e 2012 1 [ Dye, S+ KReDEE, | ABe =

0,8K7,

oz
DHE°

[ =)= (0% - ene.) | 8D+

+' Kne Dne. Aene

Equation (80) establishes the dependence of the temperature of the super-

heated steam on its consumption and on the temperature of the steam super-
heater's wall. The process of accumulation of heat by the metal of the
heating surface of the steam superheater has, in increments, the form

c'r

ae .
€4Gre — = AQ,,e AQT.

Here c, is the specific thermal capac1ty of the tube's metal.

i The heat flow from the gases to the wall of the steam superheater can be

determined by the equation

Qfe = K5B§* (85, — 653,
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In this equation the heat-emission coefficient ng should be determined in

accordance with test results or with data on thermal analysis of the steam
generator.*

Moving over to increments of functions, we get from the latter equation

0,6K,

AQre =—pi™ (Bhe,—05e,) AB + KioB3°AF — Kie B3 ABSE. (82)
0

The average temperature of the gas flow e:" e in the steam superheater is
- determined by the loading for fuel, therefore

ael‘
ABje = ﬁ AB.

Taking into account this correlation we get from (82) an equation. that ex-
- presses change in the amount of heat transmitted from the gases to the

steam superheater's wall )
- Do = K [5c{0%, — 05L) + B3 -] 4B — KeuBh At

57 (83)

- Substituting (79) and (83) into (81), we get the second equation of the
dynamics of the steam superheater, which describes the change in tempera—
ture of the walls of its tubes:

CT

do;
CuGne = 4 [RGB+ KELDL3] 405 = KT, [——g;,f‘. (65, — 65,) +
0

0,8K]
+Bo ue JAB—' ne (ene, - ene, ) ADne + K,'.'eDﬂ'f,Aene. (84)

ne.

Equations (80) and (84) form a system of equations of the dynamics of the
steam superheater.

- In order to rgduce'the coefficients in these equations to dimensionless
form, we divide them term by term into the value of the thermal flow
through the steam superheater in the established regime:

Dne. (‘ne. - ln.) = I\ﬂED?lesg ( neg — 9ne.) = K;aBg's(ell;Cn - eﬂnh)'

*Where necessary, the effect of measuring the coefficient of air concen-
tration on heat transfer in the steam superheater can also be considered
here. For this it is sufficient to take advantage of the dependence of
the coefficient of the heat emission K;e on air concentration «, after

which the term appears in (82) in the form:

Kl‘
2. Aa,

- B (65, — 657) 50
37

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200030017-8



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200030017-8

FOR OFFICIAL USE ONLY |

As a result, we obtain

Tn —r + anPs = —bnhp + b1aPs .
(85)

Tu= '37’"+ )Py = —bgyhp + bagh + baas
where it is specified
-V ", one 6 .
~ Vne¥ne, ae a 0ne° .
=‘—_——————T-—» 1 = - ’
u ne, (lne. ‘u.) . el‘:l:., ne.
, e )
by =0,2; by, = _GT—;
. negy ne.
T‘ - canee:: . ' (86)
LT D=ty |
ec‘l‘ ec'r
g = or ie;" + ocT :Ij'e '
ne, ne, ney ney
bll b 0y81
e
9 : 3B
brg = gt = 1y by = 0,6 25,
Ot — O, O, —6E,

The form of equations (85) corresponds to physical représentations about
the effect of the main factors on the dynamics of the steam superheating
process. ‘The coefficients of (86) of these equations have a clear phy51-
cal meaning.

The parameters of the mathematical model of a specific steam superheater
are established from a comparison of the general solutions of the (80) and
(84) system with the approximate experimental data. These operations are
carried out with reference to the characteristics of KVG-34 steam
generators.

Appendix 1 shows the calculated data and coefficients for KVG-34 steam
generators. Let us turn to an analysis of the experimental data.

Figure 17 shows the static characteristics of a steam superheater that
were obtained during full-scale tests of the PG of the tanker "Sofiya."
These data should correspond to the solution of equations of the steam su-
perheater's status that are obtained from (85) by setting the derivatives
in time as equal to 0; the solution of this has the form

*The coefficient where Aen in (80) is taken as K“eDg 8, since
alna <<K" D° a
38
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— _ _bugy — biby Ap+ biabyy Pe

- b= a0y —bubay 2 ayay — bishy (87)
Figure 17, Static
Characteristics of Bne, . o| ¥
the KVG-34 Steam 450 2 S 55— 1,000
Generator. ' ,156 9 8l e
@
Koy ' ped ' 0905 °
- 1. Fuel loading, 30 ’/,". . R
- percent. : o : o917 &
2. Parameter. : o i 8
410 /%/ 0,890 S
/ ) ]
-, 0862 S
Where the numeri- =
cal values of the 390 0634 @
coefficients ay '
N and b accord 50 60 70 80 o 90 100
- ik Hazpyaxa no monauby, % (1)

with Appendix 1,
the equation of static chacteristics is expressed by the straight line
¢ = 0.905)) + 1.33%. A

In the area of the steam generator's nominal loading, there is a certain
band within which changes in steam consumption are not accompanied by ,
changes in the unit's efficiency and, consequently, the equality Ay =¥ A

is correct; from the last expression it follows that the slope of the ‘ s

static characterics in this band is (¢20: AD)theoretical = 0.425. ]

The average slope of the experimental characteristics according to fig-
ure 17 is (¢20:AD)actual = 0.310.

- Revision of the slope of the theoretical characteristics should be per-
formed through the second term on the right side of equation (87), which -

aer
n

3B
cal value in comparison with other coefficients is, obviously, maximal.

. - Y, : e . : o . .
- contains the derivative » since the error in determining its numeri-

Having thus made the static model of the steam superheater more accu-

rate, let us undertake to determine the coefficients of system (85),

which characterizes its inertial properties. This operation is performed

by computation of the coefficients in the -approximating equations in ac-

cordance with the experimental data based upon the prerequisites for mini- -
mal error of approximation. . _

The results of the eiperiments that were set up on the ship's steam gen-
erator under operating conditions for the purpose of constructing a dynam-
ic model of a steam superheater are shown in figure 18. The tests were

39
FOR OFFICTIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200030017-8



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200030017-8

FOR OFFICIAL USE ONLY

conducted 'on a steam generator with a system included for regulating fuel

combustion, whose relatively high speed in analyzing such an inertial pro-
, cess as change in steam temperature, enables the changes in heat release
in the firebox that coincide with loading changes with respect to steam
to be considered in the approximating solutions of the (85) system, that
is, to set AD = Y.

Figure 18. Transient
Functions for Steam Tem-

perature at the Output eﬂ 0
~ from a Steam Superheater .4
Where There Is a Change ] l T
of Steam Generator Load- —Y
ing with Respect to 440 —T = T\
Steam in the Form of a (ﬁ ) 2
single Impulse. fond d 1/ —I
; 4
Disturbances in the tests: 2| |. ) e Y 3
1. 2, =0.50; 4 r I
) : {
2. Ap = 0.274; and B T e B R TR Y
3. }‘D = 0.204.

A. Time, minutes.

The differential equations of approximating system (85) contain members
that express the mutual effect of both volumes. Therefore, in making an
analysis of their solutions, which is associated with an approximation of
experimental conditions, it is suitable to use arguments and expressions
that correspond to the general case set forth above in the procedure for -
the experimental study of the objects.

The values of the roots of the performance equation that corresponds to
the (85) system, given the values of the coefficients for the examined
steam superheater that are cited in Appendix 1, are equal to

w =—1 ,0578;}

w, = —0,0024. (88)

The first of these roots is determined mainly by the inertness coefficient

- Ty, of the steam volume, the second by the coefficient Tpys which expres-

ses ‘the thermal inertness of the heating surface's metal. " In view of the
considerable difference in the values of these roots, the component of the
general solution (28) that corresponds to the first root w, attenuates

) 1
much more rapidly than the component that.corresponds to the second; thus,
A where the value of t = 10'seconds, this first term in the example examined
40
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does not exceed 5+10~°. Therefore, the simultaneous determination of both
roots in accordance with experimental data is associated with errors, the
magnitudes of which cannot be established. In order to avoid similar

1ndeterm1nancy, the experimental transient function should be approxlmated

Nlt

by a solution in the form of (28), setting e = 0 into it; in this case

the solution will have the form

w, - Tbl; ¥
1%2 .
‘Pz. =1+ W —wy ent. : (89)

The value of the root w, in (89) is taken as equal to the computed value

for (88). The:mathematical expectation of the second root wz'is determined

as a result of an approxlmatlon of the experimental data of function (89);
in so do1ng, the dispersion uw characterizes the precision of the approxi-
mation. . .

If substitufions of types (10) and (29) are introduced into (89), and
assuming . -

231g .(Pﬂ/q)ﬂen

T"q’Zea (90)

The maximumidispéfsion in computing w, in accordance with experimental
pairs of values" (y T t ) w111 be prov1ded if . the following expreéssions

are used:

" Zymtl—zli Z.’Iml
t,| o :

(2 ) ‘ R (92)

2‘:2%:‘ ‘"‘_ 32{%; e v »

a3 8 (;l:)’

i=l

E’ ==

'-2.
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The root mean square deviation relative to the function Y, is determined
by the usual expression of the form (16), the dispersion 0; of the value
of the root w, being determined in accordance with (92):

2 _ Ow, z'
0 = gy e

The expression for the time constant T_. is established on the basis of
the ratio between the roots and the coe%f1c1ents of the performance equa-
tion which corresponds to system (85); in this case this expre551on has
the form

Tom —— 920
zn Wy +we —81/Tyy ’ ‘ (93)

and its dispersion is determined by the usual method by means of (93) and
the previously computed value of ¢ w2

Expressions of the (14) or (32) type are used where there is a time lag
section.

Thus, also in this case, the coefficients in the equation of the dynamics
are found on the basis of experimental data by the only possible method,
given the least root mean square error, and where the precision of the
approximation that is made is known.

The results of processing of the experimental data cited in figure 18 by
_ the method set forth above are shown in table 4.
' Table 4

Values of the Inertness Coefficients of the Steam Superheaters of Turbine
- Ship "sofiya," Determined in Accordance with Experimental Data]

_ Indices Test groups (see Fig 18)
- ) 1 2 3
Coefficient of inertness of the tube metal Toys :
seconds...... I T £+ 487 438
Coefficient of inertness of steam volume T, ,seconds 21.3 21.3 21.3
Average value of coefficient T21, secondS.vieeeanss 447
Root mean square deviation Op eesereocsennns . 21 32 43
Root mean square deviation of error of
the average value o= , SECONAS.eoesrsreos.. 29 (T~ Tn)* = 303
T21 '

h Time lag z, seconds....... P 70 60

Root mean squafe deviation o, e sesevease 1 é .
© ot EAR R ki

*Here C, = 0.7236 is the table value of the ratio o/c¢’.
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3. The Main Turbogear Unit

Dynamics of Propeller-Shaft Rotating Frequency. 1In accordance with the
research task being performed, a mathematical model of GTZA [main turbo-
gear unit] dynamics should correspond to the condition of the main operat-
ing regime. In such a model the paramount role is played by the system's
response characteristics, there being disturbances on the part of the regu-
lating organ (the steam valve) and the external load--the moment of resis-
tance of the screw. The first determines the response of the power plant,
while the second marks the characteristics of the element that directly fil-
ters continuous disturbances--deviations of the loading on the part of the
propeller shaft that acts on all the dynamic elements of the ship's instal-
lation that are connected with the GTZA.

Numerous theoretical studies made by various researchers as well as the
data of our full-scale observations indicate that, under the conditions
mentioned, it is possible to use a linear model of a ship's GTZA that is
described by the equation

Tr|= ‘fzn +¢n=km¢—kmv (94)

in which ¢, expresses the relative deviation of propeller-shaft rotating

frequency and km characterizes the regulating action.

The numerical value of the coefficient of inertness Tn is determined here

in accordance with the data of full-scale tests, under which the process
of change of propeller-shaft rotating frequency as a result of a reduction
in the input of steam into the turbine by a high-speed shutoff valve was
oscillographed.

The initial conditions for which the solution of the approx1mat1ng equa-
. tion (94) was obtained has the form
- where t = 0

N ' { 0 where t < 0, and

<

Kot = a constant where t > 0
- The magnitude of the disturbance was established in relation to the nomi-
nal propeller-shaft rotating frequency regime of a laden ship.

Figure 19 shows an oscillogram of the transient response of change of the
main parameters that characterize GTZA operation in dynamics. The form of
the function that expresses change of shaft rotating frequency confirms the

- admissibility of presenting the dynamics of the object being studied as a
single concentrated volume. Therefore, the results of the measurements
were processed in accordance with expressions (7) and (16). Experimental
transient functions in generalized coordinates of the forms of (8) and (10)
are shown in figure 20, the results of proce551ng the data obtalned during
the tests of the turbine ship "Sofiya" in table 5.
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Figurc 19. Change in Main Paramelers of o
GTZA [main turbogear unit] Operation Dur— Ra=106,3 | M=

ing Manipulation of the PPKh-SMPKh. — E%H

Drom,on =78 n=1§

. T
Pumir Pkom.cm.? Pper are pressures: of oil pied
oir
for the impeller, oil to the servo motor, and !
steam for regulating the regulating Pper.=22

stage of the turbine. )
: Myp=12000 an.lcn JJ

Mkp is the torque on the shaft. ‘ 17 0 4 ¢

Figure 20. Transient Functions
for Change of Rotating Frequen-— 1,2
cy of the Propeller Shaft, — /
Caused by Disturbance in the :

Turbine's Steam Consumption.

<oX
d

13

¢n

y== 2,3 lg‘(f" qu,)

53
NE

68+

The Status of a Turbine's Flow
Section. The most general in-
dicator of a turbine's operat-
ing quality is its internal
efficiency, which is a function
essentially of the perfection iy
of its manufacture and the con-~

dition of the blading section. 0 27 0%
Blading profiles change with ‘
time, leading to an increase in
losses of steam energy and a re-
duction in efficiency (figure 21).

96 {2 o B

04 5

. The internal efficiency of a turbine can be computed in accordance with
measurements data by a method developed by TSNIIMF. For purposes of this
computation, steam enthalpy values at the starting point of the line of
expansion and at the bleed points must be available. The enthalpy of the '
steam at the end of the line of expansion (for the last stage of a low-—
pressure turbine) is determined from the heat balance and the effective
power at the flange of the reduction gear; it is assumed here that the me-
chanical efficiency of the turbine and the reduction gear are known [24].

For the three-stage TS-3 turbine with intermediate steam superheater it
is possible to use a monitoring of the blading section, also developed
- by TSNIIMF, which consists of the following (per notation in figure 22).

From Flugel's formula for a groﬁp of stages that operate with a speed less
than critical, it follows that
- p_0. .0 _1 -] Ts
Dy, Dy " Dy Pl — 6 ¥ T’
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Table 5

Results of Approximating the Transient Response of Change of
Propeller-Shaft Rotating Frequency of the Main Turbogear Unit with

an Equation of the Form of (94)

‘Realizations (see Fiy 23)

is hatched.

A. Duration of operation.

Indicators A
[v]
Disturbance in steam consumption kTm.. ........ -0.925 -+0.975 -0.919
Coefficient of inertﬁess T, secondS.veseescane 9.07 9.2 7.7
Root mean square deviation 9 of the value T, )
SECONAS.cesnenenastnssssasssiosssscnsssnsans 0.31 0.79 0.56
Average value of the coefficient of inert-
ness T, seconds 8.57
Root mean square error oF of the average value ‘
of T, SECONdS..vecreeervnnrecannneseannns e 0.70
Weighted root mean square deviation ¢, seconds 0.64
o 064
Root mean square Opevencnrncecacns Ceereseasoes =g = Wfo,ss
Figure 21. Relative Reduction of )
Internal Efficiency An/no of a . AN
N
Steam Turbine with the Passage of \ \<:?~-
Time. 058 \ NN
. 98— BN A
Key: \\ && 2 NN\
'+ > Normal changes ° < DN
~ = = Changes in efficiency of 0,96 REIN
machine with poorly It SR
machined blades. N )
v 09
The zone of probable deviations "0 2 4 6 ¢ 10 nem

Anumenvrocms  ncnayamaquy (A

B. Years.

0.

I E—

Figure 22. Diagram of the Blading Sec-
tion of a TS-3 TVD [high-pressure tur-

bine] Unit with In-
dication of. Points.
and Sections Moni-

tored (I-IV)..

]

&g

£2(2)

ge .
1) 53 21e (1)

&2 I
it .
74

Key: e
1. steam bleed.
2. Intermediate

' superheating.’

Y =

WA/
A
///"__

3, To TND [low- o ‘
" ‘pressure , ‘ . I I

m

turbine].
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- or, if the change in absolute temperature T . is disregarded:

1i
D _ Pf .
Dy Vﬂi; — Pho”

The expression for absolute consumption can be obtained by 1ntrodu01ng ef-
flux coefficients uy For the i-th group of stages

1= P: Vpu— pu. '
Where the condition of the blading section is being monitored, the efflux

coefficient, which is computed in accordance with measured values of pres-
sure and steam consumption through the given i-th group of stages, can be

used:
D
VP?: Pu (95)
and the ratio (overfall) of pressures for the group of stages being
examlned
P
b= (96)
2o
ot =i [1 = ()]
i (97)
2 (D), )
pi=1 (Pmu) ' ’

The results of computations under formulas (95) and (96), based on the de-
signers' calculations data for the various turbine operating regimes, are
shown in table 6. This data embraces groups I-IV of the high-pressure
turbine (TVD) stages (see figure 22) and also groups V-VI of the TND
stages. Certain of these results have been deplcted graph1ca11y

(figure 23). .

Thus the coefficients s and B; depend ohly slightly upoﬁ the loading with

respect to steam, thanks to wh1ch they can be used to monitor measurements
of blading profile during operatlon. An advantage of this monitoring
method is the fact that the required measurements are completed by the
monltorlng of the pressures.

The data cited relate to turbine operation without bleeds. The inclusion
of steam bleeds and change in the amount of steam bled distorts to a cer-
tain extent the picture obtained. Therefore, where a turbine operates
with the bleeds engaged, the described method is in need of addltlonal
checking.

As the designers' data shown in figure 24 indicates, steam pressure for
the TVD control stage (ahead of the first group of nonregulated stages)
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Figure 24. Steam Consumption
1 for a Turbine with Disengaged’
C— 7 T oF 3 Bleeds as a Function of Steam
IS e et s il ™ e Pressure p, Following the Con-
4———J—"——4——J——-—uw- , trol stage.
—fe m|on d e ot —Ore = o L = = o O Key:
5 o, (A) 15 Dwrpw: Triangle--n, = 30 rpm.

Figure 23. Coefficients of Resistance Circle-—--ny = 50 rpm.

uy (- - =) and Pressure Ratios Dot~—————- n
B (
figure 22) as a Function of Steam Con-
sumption D (nB = 30 rpm).

- 85 rpm.

) by Groups of Stages I-IV (see A. Consumption, kg/seconds.
: B. p;-(9.8-10"), Newtons/m2.

Key:
A. Consumption, kg/hr.

defines turbine steam consumption with high precision. The indicated fea-
ture permits the use of pressure sensors instead of consumption sensors.

CHAPTER 2, THE MARINE DIESEL POWER PLANT AS A SUBJECT FOR ENGINEERING
- DIAGNOSTICS.

6. The Structure and Characteristics of Diesel Power Plant Operating
Regimes : ’

Ships with a diesel as the main engine now comprise the basic nucleus of
the domestic maritime fleet. The striving to reduce specific fuel consump-
tion and to increase power per unit of engine weight governs the two main
features of modern diesel power plants: intensive utilization of the heat,
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and a high degree of engine supercharging. The machinery is a system of
units whose operation is closely interconnected with operation of the main
engine. An analysis of the dynamics of the installation is possible only
by taking these mutual relationships into account.

Figure 33 shows a block diagram of a modern diesel installation.

Figure 33. Diagram of a
Diesel Propulsion Plant.

Uwﬂy:c(A) j}fﬂlbl (B) .

Key:

1. Heat-recovery steam
generator,

2. Gas turbine.

3. Air receiver.

4. Exhaust gas re-
ceiver.
5. Exhaust valve. . (D
6. Piston.
7. Injector.

8. Fuel pump.

9, 11. Fuel filters.
10. Fuel preheater.
12. Engine crankshaft.

Jznaxdorowasn

_ 13. Water-to-water -‘L———‘J boda (C)
(G) Wa dopm
cooler.
- 14, wWater and oil
cooler. A. Air. E. 0il
15. Air cooler. B. Gases. F. Fuel.
16. Compressor. C. Cooling water. G. Overboard.
- 17.  Air cleaner. D. From over the side.

Air enters the main engine cylinders from a receiver, into which it has
been injected by a compressor with drive off a gas turbine. In order to
increase the mass charge after the compressor, the air is cooled in a
surface cooler that pumps outside water. In so doing, vapor from the
water that is contained in atmospheric air is condensed; in the tropics
this condensation is especially abundant. The gas turbine of the compres-

- sor is brought into action by the energy of gases that are accumulated in
the gas receiver. After the gas turbine, the spent gases are cooled in a
heat-recovery steam generator, which generates steam for shipwide needs
and for a steam—turbine electric generator, usually of sufficient capaci-
ty to provide for all the ship's needs while under way.

The fresh-water loop that cools the main engine sometimes includes a waste-
heat recovery vacuum distiller (not shown in the diagram).

As the diagram being examined shows, the dynamics of scavenging and the air
charge for the cylinder are characterized by the mutual action of four
volumes of energy and flow: the engine proper, its air and gas receiv-
ers, and the turbosupercharging unit. The main engine parameters, aside
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from power and crankshaft rotating frequency, also include air and fuel
consumption, mechanical efficiency, the scavenging coefficient, and, for
the supercharging unit, the pressure and temperature of the gases and the
air at the intake and output of the turbine and compressor, as well as
the efficiency of the turbine and the compressor.

The processes that comprise the diesel's operation are linked by defi-
nite relationships with the loading, with external conditions, and with
each other. These are thermodynamic, hydrodynamic, aerodynamic, kinemat-

_ ic, static and general physico—chemical relationships which, for the task
examined here of diagnosing the technical condition with adequate preci-
sion, can be described mathematically by means of relatively simple or
simplified empirical functions. The relationships that ensue therefrom
among the various values, within whose limits the studied phenomena occur,
can be determined from the design data of the engine and from its operat-
ing characteristics.

The operating regimes of a ship's propulsion diesel are determined from a
combined examination of the characteristics of the engine and the screw.

Figure 34 shows the dimensionless characteristics of an engine with turbo-
supercharging; lines of constant values of torque Mkp (or the average ef-

fective cylinder pressure P, that is proportional to this torque) are

shown here. The maximum moment that the engine develops corresponds to
the point C. The curve BC is the engine's external characteristic; when
operating under this characteristic, as the engine rotating frequency de-
creases, the regimes of its operation approach the limits of the area of
compressor surge. To avoid the danger of surging, engine operating re-

- gimes should be set to the right of the EC curve, which is characteristic

i} of the VFsh [fixed-pitch screw], on which the maximum torque is realized
at point C. The characteristic curve of the VFSh that passes through the
point Noox of maximal power is used for prolonged operation.

Figure 34. The Dimension—

less Characteristic Curve | 40
of a Marine Propulsion Die- b o Nmaz
sel with Turbosupercharg-— 00 £ A
- ing, During Operation with : 2/ At | ol
VShF [fixed-pitch screw] o 75 ‘< /
or VRSh [adjustable-pitch = A /// 05
screw]. g 50 ; 5 .// :
Key: f Hrp (Pe) / /e ""l;-t
BC. External characteris- 525 ~ A A7 02
_ tic of the diesel. § A — 27 — 2 [
EC. Characteristic curve (VFS}‘)E _// |

EN ox Line for prolonged =20 20 0 0 e
operation with VFSh. (2) 4acmoma bpawenun /o
DN s’ Line for prolonged operation with VRSh.

[N
Y

Point A. Operation under stormy conditions.
- 1. Power, N/N, percent.
2. Rotating frequency, n/n, percent.
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In the case of engine operation with an adjustable pitch screw (VRSh), the
rotating frequency of its shaft is constant, and the limits line of the
operating regimes is the curve DNmax'

CHAPTER 3., STATISTICAL ANALYSIS OF THE OPERATING CONDITION OF A MARINE
POWER PLANT.

11. Peculiarities of a Study of the Probability Characteristics Curves
of the Plant's Operating Regimes.

For a seagoing carrying ship the main operating regime is prolonged sail-
ing at nominal main-engine power. It is customary to evaluaté the operat-
ing indices for marine power plant operation at static regimes that de-
fine uniquely an aggregate of determinate values for certain parameters.
Such an approach is convenient and completely justified in establishing the
technical and economic effectiveness of carrying ships. It is different
with the characteristics of the operating regimes when solving problems of
providing higher precision of control or the prerequisites for reliabili-
ty during prolonged operation of the equipment. In this case, considera-
tion should be given both to quantitative expressions and to consisten-
cy in the appearance of minor and short-term disturbances of these regimes.

Observations indicate that the movement of a ship at constant power devel-
oped by the main engine is accompanied by continuous change of all power~
plant parameters. The data shown in figure 43 can serve as an illustra-
tion that will enable the average sizes of such changes to be judged.
These changes are provoked by numerous causes, which are engendered by
sailing conditions and the characteristics of concrete regimes for operat-
ing the ship's powerplant. The normal operating regime for such an instal-
lation, which has been tentatively adopted as the steady-state, is actual-
ly a continuous alternation of dynamic processes that die down and are re-—
sumed under the influence of various sorts of small disturbances that do
not yield to prognostication and are random with respect to the ship.

Three basic groups of causes that give birth to such disturbances can be
pointed out. They are, primarily, conditions imposed by the characteris-
tics of the ship and the voyage; these include the power of the main en-
gine, the speed of the ship, its steerability, its draft, tuning of the
automatic steering, and so on. The second group is occasioned by the con-
ditions of the power plant's assemblies, the closeness of concrete operat-
ing regimes to the rated regimes, and the technical servicing operations

that are conducted at sea. These are the condition of the hull and screw

(fouling), the degree of wear of mechanisms and change in the effective-
ness of their operation, the presence or absence of damage, clogging of
the steam generators' air-blast cleaners, flushing of the turbosupercharg-
er, choking of the evaporators, and so on. Finally, the third consists of
external conditions: the sea state, air and water temperatures, the wind,
currents, and. so on. g
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The disturbances that the enumerated random factors introduce to the estab-
lished operating regime of a marine power plant are much more profound than
are generally considered. Figure 44 shows the shaft-rotating frequency
curves of a main diesel with a power of about 17,000 kw, with direct
drive to a fixed-pitch screw, and the curves of torque on a propeller shaft
at a rotating frequency of about 114 rpm (for a cargo with a deadweight of
110,000 tons), which were obtained during several voyages. Measurements
were conducted hourly.

Average propeller shaft rotating frequency changes somewhat, depending upon
the ship's draft and on additional resistance to movement by the sea and
the wind. Periodically the rotating frequency and the torque are lowered
considerably for a period of about 1 hour (these situations have been noted
in figure 44 by the letter A); during these periods the diesel's gas turbo-
superchargers were flushed.

The main engine's rotating frequency and the power on the propeller shaft
alsc are reduced under stormy conditions (portions of B of the oscillo-
gram). Figure 44 shows the various variants (a to 2) of such a reduction.

Figure 443'soscillogram shows the case where the rotating frequency has
been reduced and the torque has been kept at the previous level; this is
caused by a strong increase in drag resistance to the ship's way. In fig-
ure 44, B is a reduction in rotating frequency accompanied by an increase
in torque, so the engine's power is kept unchanged. Finally, the oscillo-
gram in figure 444  indicates that during a strong storm both rotating
frequency and total power must be reduced. Cases B and 4 are characteris-—
tic for a ship at less than full draft.

The effect of external conditions on the operating characteristics of a
propulsion diesel with fixed-pitch screw is traced in more detail in the
data of operational measurements that are made synchronously (figure 45).
During a strong storm, exit of the screw from the water causes compressor
surge. As the sea state worsens, the heat stress of the engine increases
considerably, as is evident in the changes in exhaust-gas temperatures

°F1‘ Such measurements are one of the most important factors that give

rise to low-cycle fatigue, which is the result of thermal stress and is
especially dangerous for combustion chamber walls. Therefore, under
stormy conditions, engine power is reduced, shifting its characteristic
curve to point A of the diagram in figure 34, or automatic regulation of
the cyclic fuel feed as a function of supercharging pressure is provid-
ed for.

From the point of view of an analysis of the processes occuring in the
power plant, random disturbances that accompany the operating regimes can
be divided into the external and the internal. The first are connected
with operating conditions; they can act on the object directly, the same as
an internal loading (for example, random oscillations in propeller-shaft
rotating frequency caused by changes in drag on the screw), or they can
enter the control system through the sensor (as in loops for leveling con-
trol when the ship is rolling). Internal random disturbances are not
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Figure 44.. Change of Rotating Frequency and Torque on the Propeller Shaft
of a 110,000-Tons' Deadweight: Ore Carrier
with a Diesel Power Plant in Operation
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monitored; but they éxert a direct effect ‘on the process's indices, such as -
atmospherlc condltlons, scourmg “of the fuel mJectors, or deviations in
resmtance of the heat-exchange surfaces. :

Random disturbancés “are ‘irievitable ‘and ‘it is impossible to completely elim—

inate their influence on the indices of the process. :Thus the accuracy of

control and monitoring. systems is.determined not only by their design but

-also by operating conditions. - The .effect of random noise, which is insig-

nificant within the limits of;the simplest .insulated. control loops, in-

creases with.the .degree of .design,complexity of the system being controlled,

the appearance of mutually connected objects and processes, and a rise in -
the  demands for precision in regulating and monitoring. The tasks of

studying the consistency of. the appearance and.quantitative. characterintics

of random processes. that accompany normal operatlon of. the power plant are: -
——Mlnlmlzatlon of. dlSperSIOH of the parameters at the output of the dynam-

ic systems; ' . . - oaigi e S
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~-Organization of the collection of information about the parameters of
generalized systems for the monitoring, diagnosis and prediction of the
technical condition of the equipment, with the use of computer equipment;

--Establishment of ranges of deviation of generalized indices that charac-
terize the flow of the process or the condition of the basic equipment; and

——Analysis of the mutual effects of the interfacing and dynamic relations
of control loops.

The peculiarities of the main maritime power-plant operating regimes that
are governed by random disturbances that are typical for operating condi-
tions are analyzed in this chapter. To start with, dispersions of the
main parameters that determine operating economy and reliability, as well
as the probable deviations of comprehensive indicators that are important

- for generalized monitoring systems, are studied. Then the characteristics
of random disturbances that are external in relation to the power plant's
main objects and to systems for the automatic control thereof are examined.
Studies are made of realizations obtained in the form of changes in ob-
served parameters in time. Characteristics of the main types of random
processes are expressed through mathematical expectations, dispersions and
correlation functions. The approximation of correlation functions are car-
ried out by means of one equation which has enabled certain important
generalizations to be made.

It should be emphasized also that the probability characteristics of random
processes can be determined only on the basis of experiment. A systematic
study of such chacteristics was started with reference to the operating
conditions of marine power installations-of-transport ships of the ‘domestic
fleet, based upon full-scale observations that were conducted for a long
time by TSNIIMF on tankers of.the Black Sea and Novorossiysk shipping
companies [22]. .

- Because of the novelty of the information set forth in this chapter, a
brief description of the observational procedures is given below.

Full-scale research of statistical characteristics is performed. during a

normal operational voyage at~established-under<way regimes. They consist:

in the recording of a definite set of parameters and quantities that char-
acterize the work of an assembly or part of an installation without manual
intervention in adjustment of the automatic equipment or the correction of
regimes.

The parameters registered are subdivided into three groups. The first
group determines the external conditions of the voyage, the second the
level of the loading on the main engine and the stability of the observed
regime, and the third the magnitudes proper of the parameters of the pro-
cess being examined. Figure 46 illustrates the sailing conditions that are
characteristic for the fall period in temperate and tropical latitudes, and
figure 47 shows the recurrence of the main operating regimes during the
voyage.
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Figure 46. Sea State During Figure 47. Distribution of the Period
) the Testing Period of the Tur- of Tests of the Turbine Ship "Sofiya"
bine ship "Sofiya'" (October- with Regard to Main Operating Regimes.
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I. Partial speed.

i : s II. At anchor.
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2, Calm. III. Full speed.
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Key:
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Total duration of the trip was 849
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1. Relative duration.
2. Regimes.

Taking into consideration the duration and frequency of recordings neces-
sary for obtaining sufficiently representative data about realizations of
the random process, automatic recording instruments should be considered
the basic type of measuring apparatus. It is extremely important that
such instruments provide simultaneity of measurements of the various par-
ameters in accordance with which consolidated indices (coefficients of
heat transfer, efficiency, specific speed and so on) or mutually correlat-
ed functions will be computed later.

_ A pecullarlty in conductlng the measurements that are described below was,
in particular, that the periodicity of the main harmonics of the random
processes, the phenomena of which were to be registered, was not known.
Consequently, neither was optimum frequency of the sensor interrogation
known; this information was to.be obtained for the first time. Therefore,
at first pre11m1nary rough observations of the random processes of change
in the main parameters were made and the prerequisites for optimal organi-

- zation of the collection of primary information were chosen on that basis.

Given discrete connecting of the sensors, the interval between the switch-
ings for measuring the various parameters should, in accordance with
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V. A. Kotel'nikov's theorem, be At ¢ 7/w___, where w is. the frequency of
: max max :

the highest of the main .co.mponents [14].

From the data cited below, the parameters of slowly occurring processes
(temperature, chemical composition of boiler exhaust gases, and vacuum in
the condenser) were measured discretely. The processes that occur rela-
tively rapidly--such as change of propeller-shaft rotating frequency, ship
roll and change of position of automatically controlled regulating devices
were recorded by special sensors with output on an oscillograph.

In order to obtain an adequate number of readings under comparable condi-
tions, self-recording instruments of .the multiple-point potentiometer type
were left connected continuously for periods measured in days, and even
weeks. In order to obtain high precision in measurements, three to five
times per day the results that had been recorded on tapes in accordance
with the indications of the monitoring and measuring instruments, which
were connected in parallel to the automatic measurement sensors, were
calibrated. Calibration consisted in the synchronous marking of the indi-
cations of the monitoring instrument in the log of observations and on the
tape of the automatic recorder. Given this organization of measurements,
the scale of deviations of the automatically recorded parameters can be de-
termined for each of the periods between calibrations. The diagram in fig-
ure 48 gives a representation of the total number and mix of measurements
of the parameters of the main cycle of the steam-turbine installation.

Figure 48. Power Range
and Average Number of
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Parameter Recorded on =.”'5 51 2 127 9 143 13
the Turblne §h1p sa00l- S0
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Simultaneous with the recording of process parameters fer the calibration
of the automatic recorders, observations of external conditions (water
and air lemperatures, sca state, wind and atmospheric pressure), loading
of the main turbine and the ship's electric power plant, fuel consumption
and other parameters that characterize the operatlng regime of the power
plant that is being studied were reported in the record book. This en-
abled the data that was obtained at various times to be amalgamated dur-
ing processing of the observational data, in accordance with the criterion
for conformity of the external conditions and the loading.

The data cited in this work was amalgamated on the basis of two quantita-
tive criteria that characterize the level of loading of the main engine and
statistical compatibility. The first criterion adopted was that the power
on the propeller shaft at any of the regimes that were combined into one
group should not differ by more than 1 percent from the average magnitude
of the power for the group being examined.

The compatibility of the data was established by means of Chauvin's cri-
terion from a comparison of the differences of the values Xy and X (i and
- k are items of amalgamated groups) of the x values that were
examined with a mean square deviation %k of this difference:
’

0[.&=VO’3+U?¢. (150)

The boundary values have been established this way: if the computed values

o; , indicate the probability that the difference ;i - ik will be less
s

than 0.01, then the average value is considered to be incompatible and the
corresponding i-th series of observations of the group is excluded. Since
the probability 0.01 corresponds to the tabular value h = 1.83, the for-
mulated criterion is expressed by the inequality

_E—% '
h= Vo < 1,83, (151)

The execution of this inequality is mandatory for each pair of the recorded
data that is supposed to be amalgamated into the group.*

The ranges of average powers in the groups that are formed on the basis of
the two criteria set forth and the volume of the measurements that are car-
ried out on the static operating regimes of the tanker "Sofiya" are shown
in the diagram in figure 48.

The values of the mathematical expectations and the root mean square
deviations of the installation's operating parameters are calculated in

*When evaluating the authenticity «f each observation in the aggregate of
measurements being examined, sometimes the simpler, albeit less meaningful,

- Royt's [transliterated] criterion is used. Under this criterion, a mea-
surement is excluded from an aggregate if its deviation from the average
value exceeds the zone's limit by a width of +4o.

59
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200030017-8



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200030017-8

FOR OFFICIAL USE ONLY

accordance with the aggregates that are amalgamated into groups similar
to those shown in figure 48.

The characteristics of the random processes of change of parameters in the
form of correlational functions of distribution are established in accord-
ance with realizations chosen from series of observations conducted under

the most typical conditions. The mutual-correlation functions are estab-
lished in accordance with realizations obtained synchronously.

A large number of measurements of the very same parameter that were made
under comparable conditions provide sufficiently high precision of the ran-
dom value's probability characteristics.

Processing of the results of the observations that are analyzed below were
conducted on an ETsVM [electronic digital computer]. 1In so doing, known
formulas for the main characteristics were used in the form:

——for the mathematical expectation M of the random value
. B
MiX1= X 2 (152)

—-for dispersion

~ T o
o% = —— ‘E,I(x‘—M)" (153)

~-~for the k-th ordinate of a standardized autocorrelational function (with
the displacement t)

n~-k

1 .
Ap(v)= p - ‘Zslyﬁyun and (154)

-—-for the k-th ordinate of the standardized mutual-correlation function

n—k

i
A () =S5 igl Yilua- (155)

When organizing full-scale observations, it should be kept in mind that the
probability characteristics of the processes are determined not only by ex-
ternal or internal disturbances but also by the basic equipment's dynamic
characteristics. This follows, for example, from the expression for the
dispersion ¢? of the signal at the output of the linear system

o’=—f‘-6[|K(]m)|*S(m)dm, , (156)
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where |K(jw)| is the absolute value of the frequency characteristics of the
dynamic system or section that passes a random signal with spectral
density.

Therefore, strictly speaking, the results of the concrete research can be
extended only to power plants that are closed with regard to dynamics. The
boundaries of permissibility of such an extension should be made more pre-
cise as the results of experimental research are accumulated. Apparently
there exist correlational ties between the characteristics of the random
processes and the dynamic characteristics of automated marine objects.

This aliows hope that it will prove possible to rely upen generalizations
of the stochastic characteristics of power-plant operating regimes and then
the specific conditions of operation of a seagoing ship will be expressed
in analytical form.

12. Analysis of the Operating Conditions of a Motorship's Power Plant*

" As was indicated above, the characteristics of operation of a power plant
change as a result of the effects of external and internal factors. The
correlational links between current parameter deviations can be traced
first, by external conditions and, second, by steady changes (or deteriora-
tions) of these characteristi¢s in time only on the basis of sufficient-
ly lengthy and, what is especially important, simultaneous observations of
the main indicators of the condition of the units and of the parameters of
the processes that are linked with them.

Figure 49 shows the recordings of the main parameters of the diesel instal--
lation of an ore carrier with a deadweight of 110,000 tons that character-
ize a fairly lengthy period of operation. The authors of the observations
being examined remark that, other conditions being equal, the difference in
speed of the given ship between ballast voyages and running with a full
load, are negligible, thanks to the bulbous shape of the ship's bow. How~
ever, in the period between the ship's drydocking, a trend toward a reduc-
tion in speed was noted that is explained by fouling of the ship's hull.

The propeller shaft rotating frequency is maintained fairly stably at ‘an
average level. The shaft's torque and, along with it, total power, change
in accordance with weather conditions; it is not difficult to trace a cer-
tain increase in their average values during winter months.

The second group of parameters, which are located on the graph of figure 49,
below torque values, show a trend toward stable changes with time. This is
especially noticeable during the first year of operation--between commis-
sioning of the ship and its first drydocking.

Fluctuations of ambient and scavenging-air temperatures correspond to the
periodicity of the trip (the ship was operated on the Australia-Japan
route) and were caused by differences in climatic conditions at the extreme

*The experimental data used in this chapter section were taken from work
[39]. ’
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[Key to figure 49]

Each point on the graph expresses the average daily value that was obtained -
by averaging all the measurements made during the day.

Withdrawals from operation [circled numerals]:

1. First drydocking.
2. Prolonged anchoring.
3. Second drydocking.

Dates of tests.

Trip number.

Propeller-shaft rotating frequency, rpm.
Moment on the propeller shaft, ton-meters.
Turbosupercharger rotating frequency, rpm.
Fuel rod graduations.

Cylinder-sleeve temperature, degrees C.
Scavenging air temperature, degrees C.
Ship's speed, knots.

Engine power, kilowatts.

Scavenging air pressure, kilopascals.
Exhaust valve seat temperature, degrees C.
Exhaust gas temperature, degrees C.
Temperature of air at the compressor intake, degrees C.

.

ZREFRNUHETOTMEBOOQWE®>

points of the itineraries. However, average temperature values rose gradu-—
ally. Simultaneously, exhaust gas temperatures increased, as did the turbo-
supercharger rotating frequency and the exhaust valve seat temperature.

The most significant rise in air temperature was found at the compressor
suction; this rise. apparently should be viewed as the original cause of the
other changes.

Figure 50 shows temperature changes that were obtained while processing

figure 49 data. Figure 50 illustrates from the qualitative and quantita-

tive viewpoints the considerable influence of air temperature and outside

water on processes occurring within the machinery. 1In this case attention

should be devoted to the total effect of the action of these temperatures.

Thus, one-third of the pace of rise in temperature of exhaust gases (accord-

ing to the graph in figure 50, it is about 25 degrees for each 10 degrees

in rise of air temperature) is occasioned by a rise in air temperature,

two—thirds of it Ly an increase in the temperature of the outside water, as

a result of which air-cooler effectiveness was reduced. -

The maximum rise in temperature during the first year of operation was:
for exhaust gases 60-70 degrees, for the exhaust valve seat 50 degrees and -
for the cooled side of the cylinder sleeve 0 B ~-about 30 degrees; in the

latter case, the total effect on this indicator of scavenging-air and out-
side-water temperatures, as well as some increase in power of the machinery
because of fouling of the ship's hull, must be considered.
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In November 1971, between the 11th and 12th voyages, the ship was dry-
docked for cleaning the underwater part of the hull. It should be noted
that modern high-tonnage tankers and ore carriers with bulbous shape that
have a substantial draft are little different laden and in ballast, and

the share of the component of frictional drag reaches 60-70 percent of

the hull's full resistance. The main part of the residual drag, which is
caused by vortex generation behind the stern, also depends upon the drag
components. The wave component of drag is not great (the Froude number
does not exceed 0.17). All this leads to a substantial increase in the
effect of roughness (fouling) of the hull on the propulsion performance of
ships of this type in comparison with ships that have high relative speeds
and, correspondingly, Froude numbers within the 0.2-0.25 range. In accord-
ance with statistical data obtained during the operation of medium- and
high~tonnage tankers of Japanese construction, speed losses of a tanker
with a deadweight of 130,000 tons reach 1.1 knots within a year of opera-
tion. Theretore, in foreign practice the time between drydockings of high-
tonnage tankers has become a matter of rigid regulation.

64
FOR OFFICIAL- USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200030017-8



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200030017-8

FOR OFFICIAL USE ONLY

A comparison of the results of observations carried out prior to and after

- the first drydocking has enabled observation of change in the position of

the fuel measuring rod: when the ship's hull is clean, the cyclic feed

of fuel to support the same propeller-shaft rotating frequency and ship

speed is lower than when the hull is fouled. Exhaust gas temperatures were

- reduced appreciably as a result of the reduction in fuel feed, and alsc be-
cause the machinery's working conditions were approaching the rated con-
dition. The cylinder wall temperature underwent extremely small change.

- When the insignificant influence of air temperature on this parameter (see
figure 50) is considered, the conclusion can be drawn that a gradual rise
in sleeve temperature with time is governed mainly by inevitable and irre-
versible changes of its condition.

Between the 18th and 19th voyages, the ship was idle in port for about 60
days. 1In this case, the fouling of the hull and the screw strongly dis-
torted the power plant's rated operating condition.

The torque on the propeller shaft (see figure 49) grew by about 15 percent
(corresponding to a change in fuel-rod position and an increase in the
cyclic feed of fuel), but the propeller-shaft rotating frequency turned
out to be lower than normal and the ship's speed was reduced to 12 knots.

t Such a situation forced the shipowners to corduct an unscheduled drydock-
ing between the 19th and 20th trips, as a result of which the rise in

- torque on the shaft was eliminated and the ship's speed also returned to
the norm. However, a comparison of other parameters indicates that the
second drydocking improved the work-regime indices to a lesser degree than
the first one did. Thus, after the second drydocking a jump in the posi-
tion of the fuel pump rod (in comparison with that at the end of the 18th

- trip) was practically absent. The rotating frequency of the turbocharging
unit, the supercharging pressure, the exhaust gas temperature and other
parameters changed but little. However, this apparent lessening in the
effectiveness of drydocking actually was linked with a gradual deteriora-
tion in the status of the power plant's units, which is a continuous

_ increasing function of time.

) Operation of the Motorship's Power Plant Under Stormy Conditions. With
- respect to dynamics, a low-rpm marine diesel withdirect drive to the screw
4 is characterized, in comparison with a steam turbine, by the comparatively
small inertial moment that is applied to the propeller shaft. As a conse-
quence of this, the diesel power plant is quite sensitive to periodic
changes in drag on the propeller screw while sailing in cold and stormy
weather. Change in draft of the stern during encounter with an ordinary
wave leads to change in shaft rotating frequency of almost the same phase
and causes deviations in the whole set of power-plant parameters associ-
ated with the shaft rotating frequency.

Figure 51 shows recordings of certain parameters that cause disturbances
of the normal machinery-operating regime (in this case these are the draft
of the stern and the angle of helm) also characterize the dynamics of its
loading.
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Figure 51. Synchronous Record of the Operating Characteristics of a Diesel
Power Plant with Direct Drive to a Fixed-Pitch.Screw. [Key on next pagel
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[Key to figure 51]

a. In normal conditions (force numbers 2-3).
8 and B. During a storm.

1. Propeller-shaft rotating frequency n [rpm].
Moment on the propeller shaft Mkp [Newtons-meters].

Rotating frequency of the turbosupercharger . [rpm].
Scavenging air pressure P [kilopascals].
Position of the fuel-pump measuring rod hTP'

2

3

4

5

6. Ship's speed v [knots].

7. Exhaust gas temperature O [degrees C1.
8

9

1

1

Fuel consumption B [liters per hour].
. Angle of helm, g%, N.K.B.
0. Draft of the ship (stern) T, [meters].
1, Time, minutes.

Maximum swings of the hull in the vertical plane do not under normal con-
ditions (figure 51a) exceed 4 meters, which, for the given ship, has a weak
effect on change in the moment of resistance on the screw and, consequent-
ly, does not lead to any considerable disturbance of the power plant's op-
erating regime. The moment on the propeller shaft and the scavenging air
pressure deviate appreciably only with the largest of changes in draft of
the stern of those recorded in figure 51a.

In stormy weather, when the swings of the stern in the vertical plane reach
8 meters or more, practically all the parameters are changed with the fre-

- quency of the pitching oscillations (in this case about 3.5 periods per
minute). In this case, the propeller-shaft rotating frequency is changed
by 10-15 rpm, torque on the shaft by 10 ton-meters (about 10 percent of the
normal value) and the ship's speed by up to 1 knot. The turbosupercharger,
whose moment of inertia exceeds 10-fold to 20-fold the inertial moment of
the main engine, reacts less sharply to external conditions. Neverthe-
less, the average turbosupercharger rotating frequency is reduced. The
correspondence in the nature of scavenging air pressure oscillations to
change in position of the fuel-pump rod - is explained by the fact that the
cyclic fuel feed in the given case is regulated with a restriction on
scavenging air pressure. ' This limits considerably possible reductions in
the air concentration ratio and prevents engine smoking.

Figure 52 shows an example of change in engine operating parameters during
a strong storm. Fluctuations of the draft of the stern have a frequency
here of about 6 periods per minute and are of higher amplitude than in the
case shown in figure 51.

: If swings of the stern do not exceed 8 meters, parameter changes are simi-
- lar to these shown in figure 5i. As swings of the stern increase, the
drag sharply drops, and shaft rotating frequency rapidly rises. A regu-
lator actuates a reduction in fuel feed, which leads to sharp dips in

67
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200030017-8



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200030017-8

al

FOR OFFICIAL USE ONLY

_Figure 52. Dynamics of Change of

Parameters of a Diesel Power Plant
During a Strong Storm.

Notation is the same as for Figure 51.

rotating frequency of the turbocharger
unit and a reduction of more than 20
kilopascals in supercharging pressure.
The oscillogram of change in exhaust
gas temperature apparently does not
reflect the actual picture at the cyl-
inder output because of -the smoothing
effect of the adjacent cylinders and
the thermocouple's inertness. It
should be expected that the cylinder's
actual thermal loading, which is gov-
erned by increased fuel-feed portions
at reduced supercharging pressure, is
substantial.

Thus, changes in basic main-engine op-

erating parameters are closely connect-
ed with navigational conditions of the

voyage, the condition (age) of the un-

its and external conditions. Statisti-
cal consistencies of the changes noted

should, in the final analysis, help to

establish standard values of parameters
for diagnostics and for predicting the

technical condition of a power plant.

CHAPTER 4. ELEMENTS OF SYSTEMS FOR
DIAGNOSTICS AND PREDICTING THE TECHNI-
CAL STATUS OF MARINE POWER PLANTS

18. The Level of Vibration and the
Technical Condition of the Units

Statistics indicate that a high level
of vibration precedes breakdowns and

malfunctions of mechanisms 90 percent
of the time. A mechanism's vibration
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level serves to that extent as a natural indicator of its condition, since
its effectiveness, which is expressed by productivity, efficiency, or spe-
cific costs, reflects the degree of deviation of the processes that occur
in a mechanism from the rated conditions.

Setting vibration norms for new equipment became long ago a mature prob-
lem, the solution of which is important both for evaluating the quality of
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manufacture of a product and for establlishing a base for reporting obser-

vations of changes in level of vibration as the product ages.

Shipbuilders' rating associations establish maximum vibration levels for

marine electric drives.

For example, USSR Registry Rules call for vibra-

tion-resistance norms and vibration strength for marine electrical equip-

ment.
shown in table 12, for a period of about 1 minute.

Tests are conducted for smooth change of frequency in the interval
Tests for vibration

resistanée and vibration strength are performed in accordance with Regi-
stry Rules on no less than two plane surfaces, one of which should be the

plane of the normal operating position.

Tests for vibration resistance

are performed in that portion of the frequency spectrum (table 12) in
which resonance phenomena arise, and, if they are absent, in any part of

the subspectrum.

Table 12

USSR Registry Norms for Vibration Resistance and Vibration Strength

for the Electrical Equipment of Domestic Ships

Vibration resistance Vibration strength
Frequency . Prolonged test| Brief test
. Ampli- - : - =
interval, . Ampli- Time,| Ampli- Time,
_ tude, Time, hours
Hz m tude, hours | tude, hours
mm mm
5-8 1 The time necessary for 1.4 450 2.5 9
8-16 0.5 checking the effect and 0.7 220 1.3 4.5
16-31.5 | 0.95 the appearance of the 0.35 110 0.7 2.2
; 31.5-63 0.15  resonance phenomena 0.2 55 0.35 1.1

Some countries set norms for vibration levels for rotating motors and
mechanisms. Vibration levels for piston engines and other marine equip-

ment are specified in some cases by the suppliers.

It should be stressed that vibration tests of marine equipment under
bench conditions cannot reproduce the peculiarities of the seating and the
influence of other units; measurement of equipment vibration aboard ship

in an operating installation

should be considered effective.

The criterion for establishing permissible vibration levels is chosen in
accordance with the data of strength calculations and statistical generali-

zations.

In the ideal case a unit should be opened up for preventive main-

tenance or repair immediately prior to malfunctioning or onset of that de-
gree of degradation of operating condition at which losses from interrup-
tion of operation will be less than the overexpenditure from- the operation

of worn equipment.

The setting of norms for the condition of units is usually done according

to the rate of vibration that best characterizes its potential hazards.
As an example, table 13 shows data developed by the USA's Maritime Admini--

stration [32].

These data also relate to rotating mechanisms;: the level of

vibration of a well-balanced multicylinder piston engine ordinarily does

not exceed 7-8 mm/second.
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Vibrating Speeds of Marine Equipment

Maximum

speed of Characteristics Characteristics of

vibration, of the vibrations the equipment's condition

mm/second

Morelghan Very strong Sudden breakdown is possible, analysis of
the causes is necessary. The vibration
can disturb the oil film in bearings. The
unit should be shut off. . '

10-15 Strong Great risk. A detailed analysis of* the

causes is necessary to prevent breakdown
or rapid wear. Prescribe the rzpair.
5-10 Increased Malfunction is possible, special analysis
- is needed to estakiish the causes.
Where nécessary, prescribe the repair.
2.5-5 Minor Unimportant malfunction is possible.
Establish the cause during planaed

inspection.

0-2.5 Negligible Quiet operation, typical for a well-
balanced machine in good workingz order

As has already been noted, with increase in vibrating frequency, accele-
ration of a unit turns out to be a more characteristic index of its con-
dition. It is natural to establish norms for vibration level as a func-
tion of frequency, as is done in figure 86, where the data of a diagram of
conditions for rotating equipment of stationary power systems has been

given. .

ordinary sensors.

In order to forecast the condition, a change in measured vibrating speeds
from one interrogation to the next is an extremely important indicator.
Where the interval betiween vibration-level measurements is one month, spe-
cial measures to avert possible malfunction are superfluous; an increase
in vibrating speed by a factor of no more than two is permitted.

A comparison of the vibration resistance norms shown in table 13 with the
data of the diagram in figure 86 indicates their acceptable conformity
(except for the first row in the table, which calls for more rigid demands
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As an example of the effect of frequency on vibration level, let us exam-

ine a vibratory motion of 0.1 mm in accordance with the diagram in figure

86. At frequencies below 100 Hz such movements correspond to a satisfac-

tory operating condition, at frequencies of about 100 Hz they become dan-

gerous, and,where the frequency is about 200 Hz, they are impermissibly

K high, since the acceleration exceeds gravitational acceleration 10-fold.
Let us also note that measuring a motion of 0.1 mm at a low frequency is
not a simple task as regards equipment support, whereas accelerations on

- the order of one or a few gravitational accelerations are observed by

1=
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on equipment vibration levels. The vibration-resistance norms shown in
table 12 coincide to a lesser extent with the data of figure 86: in the

area of operating regimes that are permissible, only the regimes cited in

the last line of the table prove to be acceptable, according to the data
of the diagram. It should be kept in mind that amplitudes are cited in
table 12, whereas in figure 86 swings in the vibration process are laid
off along the axis of the ordinate. As a whole, domestic requirements

for permissible vibration levels are more rigid than foreign requirements.

N
N0 rmfc

Figure 86. Diagram of 0 e
B Characteristics of the kB; \ NS ‘{-‘7
Vibration Status of g- \\\ -\\ . 107 .
Power Equipment [38]. i 2w M .\\\\ I
Zones: ot 80y \\ \QC\ \
I. Dangerous condi- . \\ Y N \‘\ Meperewesus o ( )
tion; quick stop- 8 \ N
page of the gE
machine is ¥
necessary. 3
II. Threatening con- i (B)
dition, breakdown 3,4
is possible; must 3'%
be inspected with- ‘% @-
in 2 days. N hF
III. Dangerous condi-— § 3¢
tion, inspection s 2
should be per- < o
- formed within 10 (D)%
days. - §
Iv. Satisfactory '
condition. J
V. Good condition, 2
B typical for new ‘ B o\ AV
equipment. ”, A R N
Key: (E) wemomay (F)

A. Motion,mm. B. Speed, mm/sec. C. Acceleration, g.
D. Vibration swings, mm. E. Frequency, Hz. F. 1 mm/sec.

The cause of an irregularity that arises is established by an analysis of

the frequencies: a rise in one of the characteristic frequencies of a

unit points to the presence of increased vibration. Characteristic sour-
ces of vibration in mechanisms and the frequencies that correspond to them

are shown in table 14.

Based upon spectral analysis of the vibration diagrams, faults connected
with dynamic imbalances, violations of coaxial alignment, bearing wear,

shaft-line cant, wear or breakage of turbine or compressor blading, break-

age of reduction gears, and so on are discerned quite accurately. Also
revealed are lubrication system faults, cavitational phenomena in pumps,
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Table 14

Sources of Vibration and the Frequencies That Correspond Thereto

Direction of

Vibration source Frequency the vibration Remarks
Fauity balancing n Radial, as a
rule
Misalignment of n BPoth radial Axial vibration is the main
centers, faulty 2n and axial indicator; it frequently ex—
coupling 3n ceeds the radial vibration.
Gearing, 1 tooth . The nonsinusoidal oscilla-
X n Radial .
is damaged tions between peaks are
smooth intervals. '
Gearing, tooth N
surfaces damaged, The most usual source of
or the pressure n; Radial noise in toothed transmis-
line is out of sions.
parallel
Motor, the elec- £ Radial, usu-~
trical section ally of low
frequency
Motor, the mag- 2f Radial, usu- Oscillations of the magnetic
net section ally of low field in th bet
frequency ield in the gap between
rotor and stator.
Pump or impeller
vane. Fan blade
affected by aero- nk Radial
dynamic forces
Damage to belting |Belt rpm: |Unstable, High-speed belt can create
i 60 erratic a stroboscopic effect. =
oscillations
Roller bearings A wide Radial, usu~ |For high frequencies, use
band: ally of low indication of accelerations.
from <n [amplitude (Computational methods are
to very given in the book: 'Hand-
high book of Noise Cortrol." Lon-

don. McGrow-Hill [sic]. 1967)

Note:

i is number of teeth;

is frequency of the current; ard k is the
number of pump vanes or impeller or fan blades. )

and the initial stages of scoring of the diesel's cylinder-sleeve surfaces.
It should be noted, however, that the identification of faults by vibra-

the operator.
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20. Organization of the Collection and Processing of Current Information.

As was noted above, the random nature of change in parameters and quanti-
tative indices that govern the work of an installationgives rise to the
need for a minimum amount of information in order to establish the average
magnitude of the values being monitored with the prescribed precision.

The system for collecting information is presented as a unified one for

the whole installation, with periodic interrogation of the sensors. In
organizing the collection of discrete information about continuous random
processes, the task of minimizing this work is reduced to establishing the
length of the interrogation period for each sensor and the number of inter-
rogation cycles for each computation. The following fact testifies to the
importance of such minimization. According to statistical data of the

USA, about 90 percent of the total stream of information processed in the
country by digital computers proves to be superfluous, unneeded for compu-
tation of the necessary average values, causing an enormous overexpenditure
of funds.

It is known from V. A. Kotel'nikov's theorem [14], that, by replacing a contin-
ous random process with a latticed function, information will not be lost
if the period of quantization AtKB is computed according to the expression

1
280y °

where Awnp is the effective belt pass-band width.

Aty =

The period of quantization can be evaluated on the basis of an analysis of
the magnitude of the random process being examined. Given the maximum

speed of change in the value being monitored (dy/dt)p,y » its magnitude during
the period of quantization should be distinguished by no more than the
prescribed error +e, that is

2e
Y < | (dy/dt)max Iv

from which
2e

Al < Tiaga T

(181)
If the normal ergodic random processes are being examined, for which the
probability density has the form

Ax?

. , ' PA)=—L_, o

Fﬁ ,

then the number of intersections of the random function for a given inter-
val X per unit of time is {16] )

| [ PAu@N\2 o
A ke (T 207
n“n Y] ( o2 T, : !

(182)
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so that the average time between deviations from the parameter on both
sides will be

. B Agp () \—1/2 Ax?
t“"—n( o )11:0 203

The probability of observation of the deviation of a parameter beyond one
of the given limits is

Px>x)=2 | P(8x)d(Ax).
Ay, .

- n

If X, is a prescribed limiting value of a parameter, x_ is its average

0
value and
Xp —
.La_ﬂ’_=ym
X—xy
< =%
- then
2
n
- 0 Ay (1) \ =112~
Bty =n (ZON T o),
(183)
Yo _ 82
. where Q’GM)==]7%§-X€ * 4t is the integral of probability.
Z 0 :

As was indicated in the preceding chapter, the values of the partial deriv-

- 32A
ative —3¥%5 at the initial point can be established for a given installa-

tion 1in accordance with expressions that approximate the autocorrelation-
al function on the basis of (174) by means of the data of table 11.

Strictly speaking, because of changing operating conditions, even for one
and the same marine installation, the quantitative characteristics of the
random processes that accompany established operating regimes can change.
This is well apparent, for example, from an analysis of the processes of
change in propeller-shaft rotating frequency that were examined above (see
table 10). A computation for current characteristics of correlational
functions can be included in the program of a computer mechanism that

can, during the period that immediately precedes the measurements for

the computation of generalized indicators, record and conduct the required
analysis of the prescribed number of realizations of the random process.
In so doing, naturally, machine operating volume and time are sharply in-
creased. However, after studying typical processes for characteristic
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operating conditions, a processing program based upon more unfavorable

forms . (surges at maximum speed) can be made up. Apparently, it is more
desirable to have one program for an interrogation of sensors with pre-
scribed cycles that is adopted from a calculation of the maximum running
speed than to change the length of the cycles in accordance with the re-

sults of current analysis.

The running cycle time Tu.o.

= kAtcp is established as a function of

the requirements for precision and other characteristics of the interroga-
tion system. The values of At _ for the typical random processes of a
marine steam-turbine installation that are being examined are computed by

means of expression (183) in table 11.

It can be concluded that all the values that are being monitored in the
system for generalized monitoring of the power-plant installation, based
upon the analysis of random processes that was made in Chapter III,
should, because of important differences in the nature of these processes,
be broken up into several groups, for each of which their own periods of
quantization should be established. For the system as a whole, these per-
iods are multiples of each other. According to the data cited in Chapter
III, such a parameter as propeller-shaft rotating frequency, should, for a
system of generalized monitoring, have a quantization period that is mea-
sured in tenths of a second; the head of air that is fed to the steam-
generator firebox should be measured every few seconds, indications of

fuel-consumption and the ship's log every few minutes, and so on.

The overwhelming portion of the transformations and computations performed
above are based upon assumptions about the normality of the law of distri-

bution of errors in measurements of the parameters being studied.

approximation also for complicated objects and nonlinearities [19].

- probability analysis, this rule can be applied with extremely satisfactory

known, in this case it is sufficient to evaluate the mathematical expecta-
tion and the correlational function that determine the law of probability

distribution. The latter can be taken-as normal, since, as a consequence

of inertness, all the installation's elements possess the generalized

characteristics of a filter, by virtue of which

|Wa (k)| KIW,(j0)], &=2,3...,

where Wy (jw) is the transfer function for the transformation of a linear

part of a nonlinear system.

We shall illustrate the procedure for collecting initial information in

concrete examples.

- The Condition of Boiler Blower Bearings, Which Is Evaluated in Accordance
with the General Level of Vibration of the Unit. For purposes of monitor-
ing the vibration status of the blower, vibration-speed measurers have
been installed on the bearings of the unit at the points designated in

figure 94 by Latin letters.
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Measurements are made either continuously or periodically, depending:upon
the unit's size and its importance in the installation. Where there is
continuous collection of information, signals from the output of the mea-
surers' block usually are sent to the digital computing installation,
_ where they are subjected to treatment as a random process. Here also the
- data is averaged for each of the loading levels. at which these data were
obtained. The values obtained after exclusion of rejections (for example,
- based upon the criterion for statistical compatibility of the deviations)
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- are sent to the immediate-access memory of the EVU [electronic computing
installation]. At a definite time, twice each month, for example, data
about the average daily vibration levels are averaged, after which only
the results of the deviations for the measurements for a period of many
days remain in the EVU memory. The tendencies for change in condition
are computed on the basis of these deviations, usually by the least squares
method. :

I: extrapolating the time function thus obtained to the maximum permissible
level of vibration, optimal data for preventive inspection of the unit is
obtained. Warning and recording are performed in addition to long-term
forecasting.

. With periodic monitoring of the condition, the measuring apparatus is

- installed only for the period of measurements. Each condition is deter-
mined as an average from a series of consecutive measurements and is re-

- corded in the report form for the unit's vibration status in the form of a
numeral for each of the measuring places. In order to establish the rate
and trend of the deviations, these same data are plotted on a chart (see
figure 94), whzre the prescribed levels of vibration values at which the
unit should be inspected (straight line 1) have been laid out, or, in
order to establish special observation over its operation, in view of
the hazard of a high level of vibration (straight line 2). Data that is
being systematized in the form being examined will enable gradual changes
in the unit's overall condition to be observed.

Information about the level of vibration does not contain indications

about the causes and places of its appearance. If a rise in the general
level of vibration is recorded. it is recommended that a frequency analy-
sis of the vibration oscillogram be made. During such an analysis, the
amplitude and frequency of the main cycles are measured, and these measure—
ments aré then compared with the appropriate standard values and with pre-
viously conducted measurements. The location of a source of a vibration
that has arisen can be determined by the frequency at which the increased
amplitudes have been recorded.

CHAPTER 5. FORECASTING THE TECHNICAL CONDITION OF MARINE STEAM-TURBINE
INSTALLATIONS, :

- 25. Auxiliary Mechanisms and Equipment

The status of a generator's turkodrive is characterized rather completely
- by specific steam consumption per kw/hr of energy generated. Since the
steam parameters for the main steam generator are regulated automatically,
- the need to introduce corrections for initial pressures and temperature of
the steam prior to its entry into the turbine's regulating valve is done
away with; only a correction for deviation of the current vacuum from the
rated vacuum is introduced.

Specific steam consumption is a function of the turbogenerator's power, so
the standard values for specific consumption are a function of the power.
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Heat—Exchange Units. The operating effectiveness of the feedwater pre-
heaters, which are heated by saturated steam, is determined unambiguously
by a comparison of the saturation temperature By that corresponds to the

pressure p in the regenerative bleed from which the preheater being exam-

ined is fed with the feedwater temperature 6 B’ measured at the output of

2
the preheater. The difference ap = 8 = 0,5 permits establishment of the

presence of sediments on the heating surfaces, the choking of heating
steam in the pipeline, and faultiness of the system for withdrawing heat-
ing-steam condensate from the preheater.

The normal course of the process in the thermal deaerator is monitored in
similar fashion: the difference A@ between the temperature of the water
at the output of the deaerator to the feed pump 84 and the saturation tem-

nerature of the heating steam ¢ » computed according to the pressure

T.K.
in the deaerator volume, is established

A6=86,, a0 (224)

As was indicated above, this difference is standardized fairly rigidly

and is measured in tenths of a degree.

The cendition of the high-pressure preheater can be monitored automatical-
1y iu accordance with change of the thermodynamic parameters of the work-
ing fluids--pressure and temperature of the condensate, the heating steam
and the feedwater, as well as the preheater condensate levels. Diagnos-
is of faults is reduced to monitoring and comparison of current parameters
with the standard and, in .accordance with the buildup in the results of
such a comparison, to prediction of the dates for conducting preventive
maintcnance and repair work. .

Figure 117 presents a modern scheme for a high-pressure regenerative sec-
ticn that consists of sectional preheaters and has been adopted for
high-tonnage tankers. Its important peculiarities are: a developed tube
system of heat-exchange surfaces made from steel spiral tubing; precisely
delineated sections (steam cooler, preheater and condensation cooler)
with different operating conditions; regulation of the heating-steam con-
densate level; and protection from a rise in pressure and overflow by the
bypassing of condensate excesses.

Steel pipes under pressure are subject to quite intensive corrosion,

which is explained by breakdown of the cuprammonium complexes that form in
the low-pressure regenerative portion. Corrosion of the low-pressure sec-
tion's copper tubing promotes suction of air in .the vacuum part of the

tract, where fluctuations in the hydrogen indicator of the feedwater occur.

Copper oxides are partially deposited under high pressure on the steel
pipe surface~, forming electrolytic steam and promoting corrosion of the
pipe. :
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The condition of each of the high-pressure preheaters is evaluazted in ac-
cordance with the overall heat-transfer coefficient. In so doing, formu-
las similar in structure to the formulas in the algorithm for diagnostics
of the main condensational installation (section 23) are used:

' =4, K — 48 '
. Kep = A3, 1“( Aes,)’ - ' (225)
where A“==('——_g££§%f_—) is a constant obtained for the riominal re-
in (1—go-
Ae,, 0

gime at the rated temperature of the waler at the intake; 88, = 0,. = 6,
is the difference in feedwater temperatures at, respectively, the output

from the preheater and the intake; 86 . =08 . - 8,5 is the difference in

saturation temperature o (at the pressure of the heating steam in the
superheater) and feedwater temperature at the output 8,3 Kq = O/QO is the

relative change in the superheater's heat loading, which is defined as a
- function of the steam pressure at the corresponding point of the regenera-
tive bleed. )

The dependencies ch = ch(sli’ Q) and Kq are represented in the function

of the loading in a comparatively narrow (90-100 percent) range of main
turbine powers.

Verification of the normal position of the condensate levels in the pre-
heaters and of an absence of other faults in their operation precede en-
gagement of the diagnostics algorithms.

The general status of the evaporator installation is most fully character-
ized by its specific productivity-—the ratio of the amount of distillate
obtained to the consumption of heating steam. This index is extremely
sensitive to any faultiness of the evaporator. Most often a worsening of
the operation of the evaporator results from the appearance of scale sedi-
ments on its coils; this is discerned by change in the difference in tem-
peratures between heating steam and secondary steam

88=6,,—B,1. (226)

It is recommended that these expressions be used for evaporator loadings
that are close to nominal; standard values of the difference being moni-
tored should be presented as a function of the temperature of boiling in
the evaporator.

The condition of the centrifugal electric-drive pumps--the main circula-
tion and the condensate pumps--is evaluated according to their effective-
ness, which is computed as the ratio of the hydraulic capacity, which is
computed in accordance with expression (218), to the capacity of the
electric-drive pump. ' '
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Monitoring the Status of the Auxiliary Equipment under the VIDEC System of
Diagnostics [37]. The state of the turbogenerator is monitored in accord-
ancew with the specific consumption of steam per kw of energy generated.
The data are compared with the standard characteristics for the function
of the volume; this enables degradation in the turbine drive to be estab-
lished. Measured changes are corrected according to the current values of
the vacuum in the main condenser and the loading of the main turbine.

High-pressure feedwater preheaters (sectional, similar to those shown in
figure 117) are monitored according to the three following indices.

The weighted mean coefficient for heat transfer K is determined through the
average logarithmic difference of the temperature Aecp and the amount of -

heat Q transmitted into each section of the preheater

7 igl Mf Q -
K = n ’ Kl = F‘ AG‘C i ’
Z F P (227)

where Fi is the surface of the i-th section.

- The effectiveness n of a high-pressure preheater is determined as the

mB.
ratio of the measured rise in feedwater temperature to the maximum possi-
ble corresponding case where the feedwater output temperature ® B has

reached the saturation temperature By which corresponds to the pressure

of the heating steam in the preheater:

. On. pa — B, o1
s = 0s—0n. 51

(228)

The third indicator of the condition of a high-pressure feedwater preheat—
er is defined as the ratio of the heating—steam consumption and of feed-
water and corresponds to the correlation (101) in Chapter I.

The magnitude of the temperature at the preheater output is used as sup-
plementary information. The first two indicators express the degree of
perfection of the heat-exchange processes that are occurring in them, and
the third facilitates evaluation of the degree of degradation of the over-
all technical condition. In order to evaluate the condition of the low-

= pressure feedwater preheater, only the second and third indicators are
used, since computation:of the heat—transfer coefficient in the area of
moist steam is rather complicated.

The deaerator's condition is evaluated on the basis of two indicators
(figure 118). Effectiveness in cooling the steam-and-water mix that

leaves the deaerator, ﬁUf is determined by the ratio
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Figure 118. Diagram of Measurements for Monitor-
ing the Quallty of Operation and the Condltlon of
the Deaerator in the VIDEC Diagnostic System.

Underheating of water in the deaerator volume be-
low the saturation temperature, which corresponds
to the pressure in the deaerator

80, =6,, 9,

indicates the degree of perfection of the deaer-
‘ating process (see explanat1on to figure 26,
Chapter I). L

The condition of centrifugal pumps——the main-

circulation and the condensate pumps—-is evaluated accordlng to overall
efficiency; this is computed as the ratio of the fluid power developed by
the pump (see formula 218) to the power requlred for 1ts electric drive.

The evaporator 1nstallat1on is monitored for the amount of steam that is

i spent on the output of 1 kg of condensate and the value of the heat trans-
fer coefficient in the outside-water preheater. The first indicator char-
acterizes the overall condition of. the evaporator, the second the fouling .
- of the preheater by the ‘dutside water; in additior, “the’ second indicator
characterizes the effect of outside-water temperature deviations on the

X

- computed values

- cycle, in addition to monitoring the objects llsted.

Dlagnostlcs of Aux111ary Mechanisms in the 'Data Trend" System (30).
condition of. the turbogenerator is established :in accordance with’ changes
in the parameters of the steam that passes through the turbine, which
characterize the thermodynamlc effectiveness. of the process, as was de-
scribed for the feed pump's turbine. This effectiveness indicator is com-
pared with the standard as a function of the generator's electrical load.

The condition of the heat-exchange apparatus for the condensate-feed Sys-

tem is found in accordance with the coefficierts for heat transfer and

distribution of ‘the heat load among items of the apparatus (figure 119).
- ‘A rise in feedwater enthalpy is computed according to temperature and

heat-balance measurements.

The pressure and hydraulic losses in the bleed lines between the turbine
and the preheater are monitored. In computing the average logarithmic
difference of the temperatures that are included in the expression for
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~ FOR OFFICTAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200030017-8

" The VIDEC system is called upon to monitor 1rrevers1ble leakage from the



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200030017-8

FOR OFFICIAL USE ONLY

Figure 119.
Diagram of
Measurements
for Monitoring
. the Condition
of Apparatus
on the Conden-
sate-Feed
Mainline in
the '"Data
Trend Turbine"
System.

Key: .
6. Temperature. p. Pressure. ~_G. Consumption.

determining the heat—transfer coefficient, the temperature of the medium
being heated (the steam) is taken as the saturation temperature that cor-
responds to the pressure in the preheater.

An accumulation of air in the preheater degrades heat exchange 'and changes
the heat-transfer coefficient and the distribution of temperatures among

. the units along the condensate mainline and the feed system; these
changes also are symptoms of abnormalities that arise. The condition of
the deaerator is monitored in accordance with the degree of underheating
of the temperature of the water at the output below the temperature of
saturation that corresponds to the pressure in the deaerator; similar to
correlat1on (224).

The condition of the centrifugal condensate pump is established in accord-
ance with the effective efficiency factor, which is computed as the ratio
of the hydraulic power to the electrical power of the pump drive. Since
asynchronous drives operate at an unchanged rotating frequency, revision
of the measured productivity and pressure for this frequency proves to be
unnecessary.

Establishment of the condition of the ship's hull' (the degree of its
fouling) in operational conditions is the basis for forecasting the opti-
mal date for the next drydocking. Usually the propeller screw's propul-
~ sive efficiency is changed very little,* as a consequence of which the

* main cause for gradual increase’in resistance of the ship's hull is foul—
ing that changes the main component--fr10t10na1 drag. -

The hull's friction factor is computed perlodlcally, and the values ob-
tained are accumulated for forecasting. Power is measured- automatlcally,
and results’ of the observations-are processed under the rules given in
Chapter IIT and are introduced into the program for computlng this factor.

*The causes of screw fouling in the period between the 18th and 19th
cruises in' the example of figure 45, naturally, are not examined here.
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Other data (ship speed, forward and stern draft, force and direction of
the wind and waves) are usually fed into the digital computer manually.

CHAPTER 6. DIAGNOSTICS AND FORECASTING OF THE TECHNICAL CONDITION OF
DIESEL POWER PLANTS

33. Monitoring the Fouling of the Ship's Hull.

An increase in plating roughness because of destruction of the paint, cor-
rosion and, especially, fouling by marine plant and animal life influen-
ces loss in ship speed. According to the data of Japanese researchers,
the formation alone of slimy film on plating, which is the first stage of
fouling, can increase the cverall drag of a 300-meter tanker by 9-10 per—
cent. Because of this, the time between drydockings of high—tonnage tank-
ers has become the subject of strict regulation in foreign practice, since
speed losses even in a year of operation can reach 1 knot or more (figure
147) . i

Figure 147. Losses of Ay, (1) .

Speed Because of Foul- 15 1
ing of the Ship's Hull. - :
ing P 0 . . 14/
- Deadweight: ! . T
- - - - 33,000 tons P 4,
75,000 tons a5 - =
——— 130,000 tons P e
1 =1

° 50,000 tons g 60 120 180 240 Joo J60 420 480

Key: Baers nocne dokobawus, dwu (2)

1. Loss of ship speed, knots. 2. Time after drydocking, days.

Especially substantial are speed losses for modern high-tonnage tankers,
for which the share of frictional drag reaches 60-70 percent of the hull's
overall resistance. The main part of the residual drag is occasioned by
vortex generation in the environment cutside the hull, and, consequently,
this also depends upon drag.

In the general case, fouling that degrades propulsive performance is di-

vided into three groups: fouling of the underwater part of the ship's

hull, the internal and external surfaces of the shrouding, and the propel-

ler screw. s

Fouling of the underwater part of the-hull is obsérved most often of all.
- Its effect on under-way characteristics is displayed in an increase in the
hull's resistance and an increase in the frictional wake. Both these fac-
tors, depending upon the degree of fouling, affect running characteris-
tics: the ship's speed is reduced for the same power, propeller-shaft
rotating frequency, sea state, wind and average draft.
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Similar phenomena are observed, although to a lesser extent, in fouling of"
the shrouding. Fouling of the propeller screw also leads to an increase¢’
in the moment on the propeller shaft and loss of speed, the speed loss be-
ing maximum for this type of fouling.

The degree of degradation can be established by comparing the running
characteristics of the encrusted hull, shrouding and screw with the char-
acteristics of a clean hull. By analogy with what was presented above, it
is necessary, for this purpose, to have at one's disposal the running

, characteristics of the ship with a clean and an encrusted hull.

As an example of the effect of hull fouling, figure 148 presents the run-
ning characteristics of a high-tonnage tanker that were obtained during
tests of ships with a clean and an encrusted hull. For the very same ship
speeds, the power and torque curves are much higher than calculated. Thus,
at a speed of 16 knots, the power and torgue exceed those computed by 30
percent: at a power of 220,000 kw, the speed loss Av as a result of foul-
ing is 1.2 knots. S

- Figure 148. Under-Way Characteristics (1)ﬁ?%,W7(2)
of .a High-Tonnage Tanker_with Adjus?— 250L-2210
able-Pitch Screw (VPSh) in a Shrouding,

Obtained During Tests over a Nautical -1

- Mile, with a Clean (continuous lines) -
and an Encrusted (broken lines) Hull. 26011470

Ne and Mkp are power and torque on the

propeller shaft; H/D is the propeller

pitch ratio. 150} 7360 ——=

Key: ) I

1. Torque, ton-meters. ) i

2. Engine power, kw. 100 i 09
- L& ] 17
- 3. Speed Vgs knots. 14 (3) . Cropocmo vs, 43

1
Fouling of the shrouding leads to further degradation of a ship's running
characteristics. Roughness of the shrouding's inner surface exerts a con-
siderable influence, while outer-surface roughness has an insignificant
effect.

The hydrodynamic complex of screw and shrouding, where the shrouding is
rough, has less shrouding resistance and greater propeller-screw
thrust than a complex with a smooth shrouding. The torque for a Ccomplex
with a rough shrouding is greater, but the efficiency is 2-4 percent low-
er. Where the complex operates behind an encrusted hull, the drop in ef-
ficienéy will be still greater, since, because of an increase in the fric-
tional wake, the loading coefficient is increased. The additional drop

in speed from fouling of the shrouding (when it is installed on a VRSh)
ship, does not exceed 0.1-0.2 knot.
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The fouling of propeller screw blades exerts the greatest effect on run-
ning qualities. Propeller screw thrust is reduced and torque is sharply
increased, leading to a great drop in efficiency. 1In practice, cases of
propeller screw fouling are known that have led to great speed losses.
Thus, the blade surfaces of a turbine ship, after a tropical voyage, were
found to be covered with pipe-shaped mollusks 1-2 mm thick along the driv-
ing surface, from the hub to a relative radius of T = 0.7, and along the
suction surface to T = 0.6. Measurements and calculations indicated that,
of a total speed loss of 2.8 knots, the share for the propeller screw was
1.3-1.5 knots.

Blade fouling is usually observed only at radii close to the hub (r g 0.6).
But even that blade fouling changes considerably the propeller screw's
hydrodynamic characteristics in free water. Figure 149 compares the
hydrodynamic characteristics of a clean propeller screw with one with ar-
tificial roughness that involves the blade completely cr partially. The

torque coefficient curves of the encrusted screw K2 with identical advance

are located higher than those for a clean screw, and the thrust coefficient
curves are lower. A substantial drop in efficiency also-is observed for an

encrusted screw. . . ‘ I ——

Figure 149. Effect of Propel-
ler Screw Fouling on the Mag-
nitudes of Its Coefficients: = ——

Cmenent
olpacmanug (1)

thrust Ky torque K, and - Jnonacmed
useful effect n_. fef
P 905 ———
Key: 00k
1. Degree of blade fouling.
003
, 02
The Standard Running Charac- soik
teristics of a Ship. The 4
standard running characteris- L
tics of a ship with a clean-
hull, screw and shrouding are L7218
obtained after acceptance and 93
turnover tests or drydocking.
Tests should be conducted o g2r
over a nautical mile with a 21k
depth under the keel of ? )
1 1 R 1 1 e B0 S 0
v 0 41 02 43 9% 45 06 47 48 49 10
H>275 < (231‘) Ap= Up/m)

where A is the ship's speed in knots, and g is the acceleration of the

force of gravity.
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During the tests, average ship depth Tcp’ screw pitch, torque on the shaft

Mkp’ propeller-shaft rotating freqﬁency n and the ship's speed are mea-

sured. As a result, an average arithmetic value is adopted, which is ob-
tained in accordance with measurements on no less than three tacks over a
nautical mile, with the force of waves and wind no greater than force 3.

Running characteristics similar to those shown in figure 148 are set up as

4 a result of the measurements.

For a quantitative evaluation of fouling and for forecasting an optimal
date for drydocking the ship, calculations are made in accordance with the

form in table 25. The coefficients of torque K2

and wake ¢, as well as

hull resistance R, are determined as a result of the calculations.
- value of the thrust-reduction fraction coefficient, which is necessary for

determining R, is found as a function of K

formula - de

U= aKj— be

in accordance with the

The values of the coefficients a and b are determined by approximation of
the trials graph vy = vs(Kde) that is usually plotted as a result of spe-

cial tests of the ship or of a model of it.

The method of diagnostics set forth below [25] assumes rather precise mea-
surements of ship speed. Measurements over a rautical mile or measures
made by means of radio-pulse systems, whose errors are about 1 percent,
usually provide such precision. Existing dynamic pressure logs do not
give such precision. Logs that are based on other principles for measur-
ing speed should be installed on ships for prediction systems.

examine the sequence of diagnostic operations.

1. Several measurements of the values named above are made.
of regimes at which these measurements are made is at least three, power
at these regimes corresponding to average, full and emergency speed.

2. Computations are made for each regime in the sequence presented in

table 25..

3. The function H/D = f(vg) is plotted (a parabola is established through
three points) in accordance with the data of lines 1 and 2 of table 25.

4. The function Mkp

which also produces a parabola.

= Mkp(vs) is plotted in accordance with line 6 data,

5. The function N = N_(v_), which represents a cubic parabola, is

plotted in accordance with the dat» of line 7.

6. The relative advance of the screw Ap (line 9) is found in accordance

For purposes of

with the curves for operation of the screw in free water.
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Table 25

Determination of the Resistance of a Clean and an Encrusted Hull of a Ship
in Accordance with Test Results

(TCp [average draft]

=7.5m; D=17.5; ne
and p = 104 kg.force/cm2)

[engine efficiency] = 0.99;

Item Paraméfefs . Clean hull Fouled
No hull
- 1 Pitch ratio of VRSh [adjustable
pitch propeller], H/D """ * """ 0.96 1.06 1.17 1.0
2 Ship speed Vgs knotse....ce..a. . 15.0. 16.0 17.90 14.84
Ship speed v, meters/second. .. 7.718 8.232 8.764 7.64
3 Propeller-shaft rotating fre- :
quency n': rpPM....ceovevve... 85.0 85.0 85.0 84.8
IPS.eeiteccnnens . 1.416 1.416 1.416 1.414
4 Moment MBP’ kg-meters,,,,,..... 171,000 207,800 250,300 221,700
5 Power on the shaft, N, =
MBPn
S KWeeeseeeciecieiiil. 14,027 18,123 22,060 19,203
6 Ky = 102250 ey 0.0340  0.0413  0.0503  0.0442
2 ngnu ceverr s
- 7 Ap=f (HID, Kp) =ovvvevrees 0.68 0.73 0.775 0.588
A_nb
8 Trailing wake y = 1 - —5—— ... 0.072  0.059  0.060  0.184
s
9 Ki=fa (D, A e v avvnnnen. 0.200 0.228  0.266  0.264
10 Screw thrust P = KlpD“n’,
kgeforceseceeseeeeeeencsieesess 132,700 151,200 176,500 174,300
) P -
11 K4.=Dv,/]/7 ceeceveses 1,623 1,625 1,500 1,405
12 Thrust-reduction fraction,
- v = 0.1285 Kde - 0.283 +¢vceeee =0.0743 -0.0741 -0.0774 -~0.1025
13 Hull resistance R = P(1 - V), 145 500 162,400 190,000 192,200
kg-force
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computation on a digital computer, it is more convenient to present the
function K, = K,(A;) for each pitch ratio in accordance with the para-
bolic-interpretation formulas

Ka= Ko, s+ A2} — B'A,, (233)

where

r — Koww Ky
A-—%w1+ N e VI

v Kem.n | Kiw.s AKyep
B—-Mw+ b +MWW¢-M'

(234)

In these formulas K, values are adopted as the base values for the follow-
ing regimes: docking, where A_ = 0; and rated, where there is 2 and
; p cp

where there are advances of zero moment ).2(K2 = 0).

The coefficients A and B can be computed in advance for the prescribed H/D
pitch ratios. The value A cp for each pitch ratio can be taken as equal
to about half of iy, with gouﬁding off to the whole number after the deci-
mal point. The value A, for a known K, is obtained from solving the quad-
ratic equation of the two pitch ratios, between the values of which lie
the desired Hy/D. Then kp and the corresponding H;/D are determined by
linear interpolation.

7. 1In accordance with the X and H /D that have been found, the coeffi-
cient of propeller screw thrlist K{ 1s computed. Formulas for computing it
are obtained similarly, by the use cf parabolic interpolation

7 Ki= K. »+ AN — Bhy, (235)

where

| - =Kwa | Kiep
4 Xoephs ' ApcplApcp— M)’

— Klm.‘n Klm.n }‘I.KICP
B_-Mw+ Ay +M¢Ww—m.

(236)

-Here, just as in formulas (233) and (234), Ky w is the thrust coeffi-
cient for the docking regime, K, cp is the same'%ér the rated regime

where there is A cp and Al is the advance for zero thrust. /

The value K, for the two pitch ratios is computed, and then it is found
for the desired H/D by linear interpolation.

8. Inlines 12-13, table 25, the hull resistance R =~R(v$) is computed. In

this case the coefficient of the thrust-reduction fraciion should be
adopted for the test data as a function of the load coefficient K"
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For convenience in computing on a digital computer, the graph vy =V (K, )
s de
is replaced by the approx1mat1ng function
v,= 10,128 5K, -— 0,283. (237)

This function, which is obtained in tests of models with a smooth surface,
_ can be used for cases of fouling, since the coefficient of the thrust-
reduction fraction is a function of hull roughness.

The curve R = R(vs) is plotted in accordance with the measurements data;
- speed losses av for one and the same main turbogear assembly are deter-

mined by means of the characteristics N Ne(vs) for a clean and an
encrusted hull. )

Indirect signs of hull fouling are as follows.

1. An increase in the trailing wake y. Thus, during tests of a high-ton-
nage tanker, the value ¥ proved to be twice as large for a fouled hull as
the rated value. In case of fouling of the inner surface of the shroud-
ing and blades of the propeller screw,  also increases, especially for a
VRSh [variable-pitch ratio] screw, since, at a constant rotating rate,
torque increases and, consequently, so does K2.

2. An increase in hull resistance R (line 13, table 25). Calculation of
the resistance R = R(vs) is necessary for comparison of the resistance of

clean and 2ncrusted hulls. Rough calculations indicate that where hull
resistance from fouling increases by about 30 percent, the speed loss at

a turbine power of 22,000 kw is about 1 knot. If, as a result of compari-
son, the actual speed loss obtained by power measurements and by log indi-
cations is substantially different from the losses obtained by the indi-
rect method (througn increase of resistance), this indicates either errors
of measurement or of primary data or a worsening of the propulsive coeffi-
cient (fouling or damage of the propulsion and steerlng complex).

Frequently a check of the condltlon (the degree of fouling) of the ship's
hull is made where the draft is different from that for which the standard
values that correspond to a clean hull were obtained. Differences within
the bounds of no more than 10 percent are permitted, if the meteorologi-
cal conditions match. Differences in a ship's draft are compensated for

- by introducing a correction to the value of measured power in accordance

with the formula
. Dy \2/3
Np= (—") Na,

by (238)

where N and D are the ship's power and weight displacement; the subscripts

1 and zecorrespond to ship .drafts T, and T,e

Observations concerning the intensity of fouling, measurements of the
ship's speed and the main engine's operating regime are started from the
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moment the ship leaves the drydock. The data are used to forecast degra-
dation of running qualities for the purposes of establishing a rational

date for drydocking.

Running qualities are checked systematically.

It is recommended that tests start no earlier than 16 hours after leaving

B port. The date of the observations, the ship's draft and course, the sea
- state and speed ana direction of the wind are indicated.

A graph of the

ship's speed losses from fouling, similar to the graph in figure 147, is

plotted in accordance with the results of the tests.

As follows from this graph, the function that is plotted according to the
data for 1 year and 2 months of operation is almost linear.
case, prediction of the expected losses in speed from fouling do not pre-
sent difficulty. However, it should be kept in mind that where fouling
density is more than 50 percent, the drag coefficient is practically
unchanged, so the linear function (proportional to the time between dry-
dockings) for losses in speed converts in this case to a constant.
cause of this, the form of the function by means of which the prediction
is made should be adopted to take into account the concrete data of the

regime being analyzed.
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